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Les relations entre un bassin versant et son piedmont sont complexes. Elles 
mettent notamment en œuvre ont appel à des phénomènes physiques incluant 
l’érosion, le transport et la répartition 3D des zones d’accumulations de sédiments.   
L’étude du méga-cône de piedmont du Napo-Pastaza sur le piedmont des 
Andes d’Equateur et du Pérou et de ses relations avec son bassin d’alimentation 
permet de mettre en évidence divers types de contrôles, liés à la géodynamique, 
influant sur la morphologie fluviale, la structure du réseau hydrographique et les 
transferts de masse entre la chaine des Andes et son piedmont amazonien.  
A partir de données hydro-pluviométriques et hydro-sédimentologiques 
recueillies sur une période de 5 ans sur le Rio Napo et contenant un épisode éruptif 
d’un volcan se situant dans le bassin versant, nous pouvons mettre en évidence le 
rôle de l’érosion et du transport des produits de l’éruption (cendres) sur le transport 
de matières en suspension et l’évolution de la morphologie du cours d’eau. 
L’exploitation de données cartographiques, photogrammétriques et d’imagerie 
satellitaire couvrant le dernier siècle (de 1906 à 2008) concernant un tronçon du Rio 
Pastaza, localisé dans une zone sismiquement active de la zone subandine permet 
de mettre en évidence un changement de morphologie associé une série d'avulsions 
partielle directement liées à la déformation de surface.  
L’étude sur les derniers 20 000ans de l'évolution du drainage distributif du 
cône du Rio Pastaza montre un grand nombre de traces d'avulsions successives. 
Ces avulsions peuvent être reliées, suivant leur localisation et leur enchainement,  
soit à un contrôle tectonique direct quand ces avulsions sont situées aux voisinages 
du front actif de la chaîne, soit à un contrôle indirect, lié a des phénomènes 
d'augmentation brusque de la charge sédimentaire lorsque ces avulsions ce sont 
produites dans le partie distale du cône de piedmont. Dans ce cas ces surcroît de 
sédiments peuvent-être, entre autres, lié aux éruptions volcaniques dans le bassin 
versant.   
 





The relationships between a catchment and sedimentation on its foothill are 
complex. They involve physical phenomena such as erosion, particles transport and   
location of sedimentation area. 
The study of the Napo-Pastaza megafan, on the Amazonian foothills of 
Ecuador end Northern Peru and in relation with its catchment led us to evidence 
different kind of controlling factors related to the local geodynamic context. These 
factors control fluvial morphology, drainage network structure as well as suspended 
load transport from the Andes to the amazonian foothill.    
A study led on Hydropluviometric and hydrosedimentologic data concerning 
the Rio Napo, covering 5 years and a volcanc eruption of the Reventador volcano, 
located in the Rio Napo catchment, we can evidence the role of the erosion and the 
transport of the products of eruption such as cinders on the transport of the 
suspended load and the morphology of the river.  
The compilation of historic topographic data, aerial photography and satelite 
images over the last century (from 1906 to 2008) of a reach of the Rio Pastaza 
located in a sismically active area of the andean foothill show a progressive change 
of the morphology of the Rio Pastaza associated with several partial avulsions. 
These avulsions are directly controlled by local superficial deformation. 
The mapping of the successive reaches of the Rio Pastaza since the Last 
Glacial Maximum revealed a great amount of avulsions traces. Depending on the 
location of the avulsions nodes, these avulsions can be related to several controlling 
factors. The nodes located close to the active tectonic front of the Andes can be the 
result of local tectonics. The nodes located in the distal part of the megafan results 
from sharp increase of the sedimentary load in the channel and its sedimentation in 
the lower reach of the river. Such an increase of the sedimentary can result, among 
others, from volcanic eruptions in the catchment.  
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volcanoes, white squares: actives volcanoes. NA: Napo Antiform, PD: Pastaza 
Depression, CA: Cutucu Antiform, MCA: Morona Cangaime Area, MPA: Morona 
Pastaza Area,  TCA, Tigre Corrientes Area, PCTB: Pastaza Corrientes Transition Band. 
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Megafan, 2) avulsion sites, 3) supposed avulsion sites, 4) abandoned stream, 5) 
abandoned stream re-annexed by the modern drainage network, 6) supposed 
abandoned stream, 7) main modern streams, 8) eastern boundary of the subandean 
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which gave birth to SC, (e) GDP: avulsion site of the Great Diversion of the Rio Pastaza 
by mean of which the Rio Pastaza passed from the MPA to the TCA. Image Landsat 7. 
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channel pattern of the Rio Pastaza (profile extracted from the SRTM V3 DEM of the 
area) 
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upper part of the Pastaza Megafan. 
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To the left:map of the successive streams of the Rio Pastaza in the MCA. Those 
streams are bounded by pointed lines. The dashed-double pointed lines correspond to 
superimposed streams. Ticked lines indicate terrace scarps, Successive streams of the 
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Satellite Image and interpretative map of the Great Diversion of the Pastaza are. 
Observe the sharp contrast  between alluvial ridges (even abandoned and the floodplain 
area. 1) points of avulsion, 2) abandoned alluvial ridges, 3) abandoned loop of the Rio 
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 Maps of the migrations of the Rio Pastaza through times. A: Beginning of the 
avulsions in the Pastaza Megafan. These avulsions occurred after 21160 ± 260 yrs Cal 
BP, B: Great Diversion of the Rio Pastaza to the TCA. C: Avulsions in the TCA, this 
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I. OBJET D’ETUDE 
 
Au front de la chaîne active des Andes équatoriennes, s'étend un des plus grands 
cônes de piémont tropicaux: le Méga - Cône du Napo - Pastaza (Fig. 0.1). Dans ce 
milieu caractérisé par son contexte géodynamique très actif (nombreux séismes, 
volcans actifs et glissements de terrain) le système fluvial illustre l'évolution 
géomorphologique de ce secteur extrêmement sensible aux changements 
climatiques et tectoniques.   
Les premières études sur le Méga - Cône du Napo - Pastaza ont été réalisées par 
Räsänen en 1992. Il avait défini la présence d'un grand cône tropical humide face à 
la Cordillère des Andes, avec une superficie de 60000 km2. Ce méga cône situé à 
l’est du bassin amazonien est drainé par le Río Pastaza (Räsänen, 1992, Bès de 
Berc, 2005, Burgos, 2006), qui prend naissance dans la Cordillère Occidentale en 





Ces dernières années, un effort de compréhension de la genèse et du 
fonctionnement actuel du bassin amazonien a été entrepris. Les travaux menés par 
les géologues ont abouti à l’élaboration de modèles géodynamiques à l’échelle des 
temps géologiques. Le croisement des bilans hydrosédimentaires actuels amont-aval 
avec les données géomorphologiques et géodynamiques a grandement facilité 
l'identification des différents processus d'érosion/sédimentation le long du piémont 
Andin (Bourges et al., 1990; Guyot et al., 1988 et 1996).  
L’axe central de recherche, privilégié dans cette thèse est justement de tenter 
d’évaluer précisément l’impact de la géodynamique sur la géomorphologie fluviale 
quaternaire et sur les flux de matière transportés par les rivières en Amazonie 
équatorienne et nord péruvienne. Pour résoudre cette problématique on a fait appel 
à un principe de base de la géologie, l'actualisme. Il postule que les forces 
géologiques sont la plupart du temps lentes et restent identiques à travers le temps. 
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Ainsi, on s'est consacré à l'étude de l'influence actuelle des phénomènes 
géodynamiques sur la géomorphologie fluviale et sur les flux de matière transportés 
par les grandes rivières du Méga - Cône du "Napo – Pastaza". En effet, ils semblent 




















Figure 0.1.  a) Localisation de la zone d'étude, par ses sigles en anglais. (b) Carte 
géologique simplifiée. (CoB: Bloc Côtier, WC: Cordillère Occidentale, IAD: Dépression 
Interandine, EC: Cordillère Royale, SZ: Zone Subandine, AmFB: Bassin d'Avant Pays Nord 
Amazonien. (c) Mosaïque combinant le Modèle Numérique de Terrain - Images Landsat 
ETM+ de la zone. Le bassin de drainage est représenté par la ligne continue en noir et les 
rivières par des lignes blanches.  Les carrés blancs (dans ce cas, c’est mieux la couleur 
rouge) représentent les volcans en éruption (Volcan Reventador, RV; Volcan Tungurahua, 
TV; Volcan Sangay, SV) et les points bleus représentent les volcans actifs. Les croix noires 
représentent les stations hydro-sédimentaires et  pluviométriques (Cusubamba St., Cu; 
Baños St., Ba; Andoas St., An; Teniente López St., TL). 
 
III. OBJECTIFS ET APPROCHES 
 
• Objectif 
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Cette étude a pour but d’illustrer l'influence des phénomènes géodynamiques sur la 
géomorphologie fluviale quaternaire et sur les flux de matière transportés par les 
grandes rivières du Méga - Cône du Napo - Pastaza. 
Cette étude consistera essentiellement en: 
- l'analyse de la géomorphologie des rivières et du méga-cône à travers des 
images satellites et l'utilisation de SIG (Système d'Information Géographique); 
- l'analyse des données hydro-sédimentologiques pour identifier leurs variations 
spatio-temporelles sous les contraintes géodynamiques actuelles. 
 
• Approches  
Ce travail a été basé sur l'intégration et le croisement de données hydro-
pluviométriques et d'informations géologiques avec des nouvelles données 
morphologiques et topographiques, lesquelles proviennent de l'analyse d’images 
satellites (Landsat et ASTER) et de celle d’un modèle numérique de terrain (MNT). 
La pluviométrie a été étudiée par l'intermédiaire des données des réseaux 
météorologiques nationaux. Ces données ont permit de définir le contexte climatique 
de la zone d'étude.  
L'hydrologie et la sédimentologie fluviale ont été étudié grâce à un réseau de stations 
hydro-sédimentaires placées le long du cours du fleuve Napo, essentiellement dans 
le cadre de l’observatoire ORE/Hybam (www.ore_hybam.org). Ensuite l’étude 
comparative amont - aval des bilans de sédiments a été effectuée en utilisant les 
données disponibles. 
De même, nous avons étudié les évolutions des données physico-chimiques des 
eaux (programme ORE/Hybam) pour les relier aux évènements volcaniques de la 
région. 
Enfin, toute cette information a été intégrée dans une base de données, et dans un 
Système d’Information Géographique (SIG), utilisant ArcView. 
 
 
IV. ORGANISATION DE L'ETUDE 
 
Ce manuscrit est organisé en sept chapitres.  
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- Le Chapitre I aborde les notions de géomorphologie fluviale : le système fluvial, le 
style fluvial et les phénomènes d'avulsion; et d’autre part d’hydrologie, incluant les 
flux solides (ou de matériel en suspension : MES), comme ceux dissous.  
- Le Chapitre II présente l'objet d'étude : le Méga – Cône du Napo – Pastaza.  
- Le Chapitre III décrit les méthodologies ainsi que les sources de données utilisées 
dans le cadre de cette étude.  
- Le Chapitre IV présente les résultats sur l'étude des processus hydro-sédiment 
logiques actuels dans les rivières du Méga - Cône du Napo-Pastaza et met 
notamment en évidence l'influence du volcanisme actuel sur la composition 
physico-chimique des eaux de la Rivière du Napo (chimie, MES), à travers un 
article soumis à "Hydrological Processes".  
- Le Chapitre V traite de la variabilité géomorphologique actuelle de la Rivière 
Pastaza grâce à l'interprétation des images satellites et ce, par l'intermédiaire de 
trois articles en préparation.  
- Le Chapitre VI tente de reconstruire l'évolution du cône du Pastaza depuis le 
dernier maximum glaciaire, grâce à un article soumis à "International Journal of 
Earth Sciences".  












GENERALITES SUR LES SYSTEMES FLUVIAUX 
 












Zone 1 : 
Production 
Zone 2 : 
Transfert 
Zone 3 : 
Stockage 
sédimentaire
 Le système Fluvial est un système de processus-réponses, complexe et adaptatif 
comprenant deux principales composantes physiques, d'une part celles concernant la 
géomorphologie (chenaux, plaine d'inondation, versants, deltas, etc...), et d'autre part, 
celles concernant l'hydro-sédimentologie (flux liquides et solides). Ces composantes 
peuvent être étudiées par différentes approches : géologique, géomorphologique, 
hydraulique, hydrologique (Piégay & Schumm, 2003); qui nous permettent de 
comprendre d'une façon holistique le comportement de la rivière comme un continuum, 
de l'amont vers l'aval. 
A l'échelle des temps géologiques, le système fluvial change progressivement en 
réponse aux processus d'érosion et de sédimentation, et il réagit aux changements de 
climat, niveau de base de la rivière, et tectoniques. Par conséquent, il peut y avoir une 
variabilité considérable de la morphologie du système fluvial et de la dynamique à 
travers le temps (Schumm, 1977).  
Le système fluvial a été divisé en trois zones (Schumm, 1977), représentées sur la 
figure I.1. La zone 1 à l'amont est productrice de sédiments, même si il y a parfois 
stockage de sédiments. La zone 2 est celle de transfert ou zone de transport, qui relie la 
zone productrice de sédiments avec la zone 3 de stockage de ces derniers. Il est à 
préciser que les processus d'érosion et sédimentation se produisent dans les trois 










Figure I.1. Le système Fluvial idéalisé (Schumm, 1977)
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Ce chapitre rappellera les principales notions conceptuelles de base concernant les 
systèmes fluviaux et qui seront utilisées dans cette thèse. Cette analyse sera abordée à 
travers l'étude de deux composantes : l'hydrologie de la rivière et la morphologie 
fluviale, plus précisément le style fluvial et les phénomènes d'avulsion. 
 
1. HYDROLOGIE ET DYNAMIQUE FLUVIALE  
 
Une rivière transporte des matériaux granulaires qui proviennent soit du bassin versant 
drainé, soit du fond ou des berges du lit mineur.  
Les matériaux du bassin versant peuvent provenir de l'ensemble de sa surface sous 
l'effet de la pluie, de la fonte des neiges et des cycles gel-dégel. Dans les bassins 
versants montagnards, des formes d'érosion plus localisées peuvent produire 
brutalement de grandes masses de matériaux. Ce sont les glissements de terrain, les 
avalanches, les laves torrentielles. L’érosion du fond du lit ou des berges persiste même 
lorsque la pluie cesse. 
Si les matériaux des deux origines précédentes se retrouvent dans la rivière, leur 
comportement est différent. L’érosion du bassin versant produit en particulier des 
particules fines qui se propagent ensuite de différentes méthodes, en suspension, par 
charriage de fond et sont alternativement déposées et reprises par le courant. Ces 
particules fines, responsables de la turbidité du cours d'eau, peuvent se déposer dans le 
lit majeur mais rarement dans le lit mineur, sauf si elles s’agglomèrent par floculation.  
 
1.1 Transport Fluvial  
Le transport fluvial se réfère à la circulation d’amont en aval des éléments en 
suspension et des éléments dissous. Il y a deux types de transport solide (Fig. I.2): 
 
• Transport par charriage 
Ce phénomène se produit quand à vitesses élevées, les matériaux solides se déplacent 
sur le fond en roulant, en glissant ou en effectuant des bonds successifs par saltation. 
Dans cet état, les grains se déplacent à une vitesse nettement inférieure à celle de 
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l'eau. Ce charriage concerne plus particulièrement les sables (0,02 à 2 mm), graviers (2 
à 20 mm), galets (20 à 200 mm), et blocs (> à 200 mm). 
 
• Transport en suspension  
Il s'agit des Matières En Suspension (MES) constituées plus particulièrement d'argiles, 
de limons (< 0,02 mm) et sables, qui se répartissent de manière hétérogène dans les 
sections du cours d'eau en fonction des granulométries, poids et formes des particules 
soumises à la "loi de Stockes", et de la distribution des vecteurs vitesses au sein du 
cours d’eau.  
 
• Transport en dissolution  
Ce transport est composé essentiellement par les éléments provenant de la dissolution 
des terrains drainés par les eaux du ruissellement et d'infiltration. Leur répartition est 












Figure I.2. Modes de transport solide dans les rivières (d'après Degoutte, 2001) 
 
 
1.2 Débit Solide 
Le débit solide est le volume de matériaux transporté par le courant par unité de temps. 
Il s'exprime en kg. s-1 ou en T.jour-1. 
charriage 
suspension 
Matériel en dissolution 
Lit rocheux  
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Le cours d'eau a une capacité de transport solide, liée à son énergie, qui dépend 
essentiellement de sa vitesse, elle-même dépendante de sa pente. Dans un tronçon de 
rivière à l'état d'équilibre (sans érosion et sans sédimentation), seul le transport domine 
et le débit solide entrant est égal au débit solide sortant. On peut dire aussi que le taux 
d'érosion est égal au taux de dépôt. Si le débit solide sortant est inférieur, il y a dépôt 
dans le tronçon considéré; si le débit solide sortant est supérieur, il y a érosion dans le 
tronçon considéré.  
 
1.3 Granulométrie 
En considérant le cours de la rivière de l'amont vers l'aval, la pente décroît (en 
moyenne), ce qui entraîne un dépôt des éléments les plus grossiers dans le cours 
amont alors que les éléments les plus fins continuent à transiter vers l'aval. Ainsi, dans 
les parties amont, la variabilité granulométrique est grande (par exemple blocs, cailloux, 
graviers, sables et même limons). Lorsque la plaine est atteinte, la variabilité 
granulométrique diminue. Dans les parties amont où les rivières sont torrentielles, le 
charriage quotidien enlève les parties fines, et laisse en surface une couche de 
matériaux grossiers (le pavage), qui constitue peu à peu une protection des sédiments 
sous-jacents. D'autre part, en observant bien le rôle de chaque grain en fonction de sa 
forme, et de sa position, on constate que les gros blocs jouent un rôle déterminant. Ils 
se comportent en fait comme des pièges qui abritent des grains plus petits à leur amont 
et qui induisent une petite fosse à leur aval, laquelle se remplira en décrue de petits 
grains (le masquage). A la crue suivante, les grains amont seront protégés et les grains 
aval seront emportés, même s'ils ont une taille égale. Donc, en fonction de leur position 
et de leur taille, certains gros grains ont un rôle structurant pour l'ensemble des classes 
de taille et permettent que s'organise une armature de surface, appelée pavage. Seule 
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1.4 Rappels de quelques notions d'Hydrologie 
1.4.1 Définitions Fondamentales  
• Capacité du transport et Compétence,  
La Capacité d'une rivière est liée au volume spécifique de sédiments qu'un cours 
d'eau peut transporter. Alors que la Compétence se réfère à l'habilité de la rivière 
à transporter des particules de sédiments de différentes tailles et poids. 
• Lit majeur, lit mineur 
- Le Lit Majeur est la plaine inondable (Fig. I.3). Il est limité par l'étendue des plus 
hautes eaux. Les parties extrêmes du lit majeur ne sont mises en eau que pour 
les crues extrêmes avec une hauteur d'eau assez faible. Les vitesses 
d'écoulement y sont faibles et les particules les plus fines (limons, argiles) se 
déposent par sédimentation. Ces zones sont généralement extrêmement plates 
et les limites précises du lit majeur ne sont pas faciles à délimiter dans les 
grandes plaines alluviales1. Dans cette zone, la rivière peut inonder, déposer, 
éroder et retravailler les sédiments. 
- Le Lit Mineur (Fig. I.3), est l'espace occupé par l'écoulement pour des crues 
courantes. Il est toujours constitué d'un ou plusieurs chenaux bien marqués, et il 
peut se déplacer plus ou moins rapidement selon la dynamique du cours d'eau. 
En fait, le tracé du lit mineur est susceptible de balayer tout le lit majeur, pour une 
échelle de temps de quelques milliers d'années. Dans le cas des rivières à bras 
multiples séparés par des bancs, le lit mineur est composé par l'ensemble du lit 






Figure I.3. Représentation de termes géographiques usuels dans la plaine d'inondation. 
• Rive, berge 
                                                
1  La plaine alluviale est une superficie plus grande qui représente la région, où la plaine d'inondation a évolué 
au cours des temps géologiques  
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Ces deux mots sont souvent confondus à tort (Fig. I.3). La Berge est le talus 
incliné qui sépare le lit mineur et le lit majeur. Sa localisation est donc très 
précise. La Rive est le milieu géographique qui sépare les milieux aquatique et 
terrestre. Elle démarre au sommet de la berge et constitue une partie plate plus 
ou moins étendue qui reste sous l'influence du milieu aquatique. 
 
1.4.2   Relations entre la morphologie du cours d'eau et l'hydrologie 
Il y a trois théories qui peuvent expliquer les dimensions adoptées par le cours d'eau : 
- La première est de dire que le lit a été façonné au fil des ans par le débit qui y transite. 
Ce débit est connu sur le nom de débit dominant ou débit morphogène.  
- La seconde est la théorie des variables de contrôle et des variables de réponse. C'est 
à dire que pour évacuer un même débit, la rivière a une infinité de solutions en jouant 
sur sa largeur, sa profondeur et sa pente et la solution adoptée ne dépend pas du seul 
hasard.  
- Enfin la troisième est la théorie de l'équilibre dynamique, entre des dimensions du lit, 
stables en régime permanent ou susceptibles de modifications chaotiques en cas de 
variation du régime initial.  
 
• Variables de contrôle et variables de réponse   
Les Variables de Contrôle sont imposées au cours d'eau par la géologie et le 
climat, alors que les Variables de Réponse sont plutôt des degrés de liberté dont 
dispose le cours d'eau pour remplir ses fonctions de base, c'est à dire transporter 
un débit liquide et une charge solide.  
- Les Variables de Contrôle sont le débit liquide, le débit solide, la géométrie de la 
vallée (pente en particulier), les caractéristiques granulométriques et mécaniques 
des matériaux du lit et des berges et la couverture végétale riveraine.  
- Les Variables de Réponse (ou d'ajustement) sont : les paramètres 
géométriques, largeur, profondeur, pente du fond, amplitude et longueur d'onde 
des sinuosités ; la taille des sédiments transportés ; la vitesse du courant 
(Malavoi; J. dans Degoutte, G. 2001). 
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Toutes ces variables de réponse ne sont pas indépendantes, comme par 
exemple la sinuosité et la pente. Les deux variables de contrôle essentielles 
(débits liquide et solide) sont également liées. Si le débit liquide augmente par 
exemple à la suite d'un réchauffement climatique et de la fonte des glaciers, la 
rivière deviendra d'avantage érosive et de ce fait accroîtra son débit solide. Si à 
l'inverse, c'est le débit solide qui est augmenté, par exemple suite à de grands 
glissements de versants ou à un incendie de la forêt, le débit liquide ne pourra 
certes pas évoluer pour s'adapter à ce surcroît de charge et des dépôts localisés 
se produiront qui provoqueront une augmentation de la pente dans leur partie 
aval. 
 
• Théorie de l'équilibre dynamique 
Le cours d'eau, adopte une géométrie qui lui permet d'évacuer les débits liquide 
et solide. Les variables de contrôle évoluent à l'échelle de la journée, de la 
saison, de l'année sans parler de l'échelle géologique. L'équilibre dynamique est 
un ajustement permanent autour d’une géométrie moyenne. Il est rendu possible 
par les marges d'ajustement dont dispose la rivière : érosion et dépôts pour 
s'adapter aux fluctuations de débit solide; modification de largeur, profondeur, 
pente pour s'adapter aux variations de débit liquide. Bien entendu, ces deux 
types d'ajustement sont interdépendants. Pour les crues faibles ou moyennes, le 
tracé reste relativement stable. Mais, à la faveur d'une forte crue, la rivière peut 
adopter un autre tracé dans sa plaine alluviale ou couper un de ses méandres ou 
tout simplement déplacer ses méandres. Les dérivations, les barrages, les 
prélèvements de graviers modifient les variables de contrôle (débit liquide et 
solide), en exportant, stockant ou modifiant les flux concernés.
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2. GEOMPORPHOLOGIE FLUVIALE 
 
2.1 Style Fluvial 
Comme on l'a vu dans le § I.1.4.2, les systèmes fluviaux s'adaptent en fonction d'une 
certaine combinaison de facteurs, ce qui conduit aux différents styles fluviaux. Même si 
le Style Fluvial a été défini comme un continuum morphologique, l'on reconnait 
l'existence de quatre types principaux : rectilignes, à méandres, à tresse et 
anastomosés. Leur différentiation est basée sur les processus sédimentaires et les 
caractéristiques du lit, comme la pente, le débit, la sinuosité, l'index de tressage, le 
nombre de chenaux, et l'emplacement et le type de barres (p.e., Léopold & Wolman, 
1957; Friend & Sinha, 1993; Bridge, 2003). Toutefois, un schéma de discrimination 
serait incomplet s'il ne tient pas compte des variables de contrôle externes, comme 
l'intensité des mouvements tectoniques, le climat, ou le changement de niveau de base 
(Ethridge et al., 1998; Bridge, 2003). En effet, toute perturbation de ces variables 
pourrait, directement ou indirectement, modifier le style fluvial (Holbrook & Schumm, 
1999; Bridge, 2003) au travers des mouvements du canal (vertical et / ou horizontal). 
 
2.1.1 Rivières rectilignes (Straight Rivers) 
Dans ces rivières, la longueur du canal est très semblable à l'axe de la bande de 
méandrage"2, ou, pour être plus exact, son index de sinuosité3 est inférieur à 1,3. C'est-
à-dire, il y a une absence d'érosion latérale et de dépôt (Makaske, 2001). 
 
2.1.2 Rivières à méandres (Meandering rivers)  
Elles se caractérisent par un index de sinuosité > de 1.3. En général, ce type de rivières 
se développe là où l'érodibilité des berges est faible mais où le débit et la charge en 
suspension sont modérés. Le transport solide est mixte (suspension et charriage), alors 
                                                
2  La bande de méandrage ou de canal est définie comme la zone où le canal est actif, soit une 
rivière rectiligne, à méandres ou à tresse actives, y compris les bancs, segments des chenaux 
abandonnés, "crevasse splays" et levées, délimités latéralement par la marge de la plaine d'inondation 
(Makaske, 2001).  
3  C'est le rapport entre la longueur du thalweg et la longueur de l'axe de méandrage (Brice dans 
Bravard et Petite, 2000). 
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qu'en plaine il a lieu quasi exclusivement par suspension. Ce dernier est composé de 
sables fins et de limons. 
 
2.1.3 Rivières à tresse (Braided rivers)  
Elles sont symptomatiques d'une forte charge alluviale. Le lit est très large et plat. 
Plusieurs chenaux instables sont séparés par de nombreux bancs latéraux ou îles. Ces 
chenaux gardent sensiblement la direction de l’axe de la vallée et transportent une 
charge solide dont la part grossière est importante. Ces systèmes fluviatiles sont 
caractérisés par : 
- des thalwegs multiples, 
- une instabilité latérale, 
- une haute énergie, 
- une charge de fond abondante, ou en tout cas une bonne disponibilité en 
sédiments, 
- une haute érodibilité des berges, qui est une source de sédiments qui permet 
l'élargissement des secteurs de tressage, 
- une grande variabilité des débits, parce que, c'est lors des crues que les plus 
grandes quantités des sédiments sont mobilisées (érosion des berges, 
mouvement de la charge de fond) et se trouvent ainsi disponibles pour 
l'édification de dépôts, 
- des gradients du lit relativement élevés. Toutefois, le facteur critique semble 
beaucoup plus être la "puissance spécifique, « ω » du cours d’eau : 
ω = , 
avec  
ρ = densité du fluide; Q = débit; s = gradient; w = largeur du lit; et g = gravité 
 
2.1.4 Rivières anastomosées (Anastomosed rivers)  
Elles sont composées de deux ou plusieurs canaux interconnectés qui entourent la 
même plaine d'inondation. Les chenaux qui font partie d'un système fluvial anastomosé 
peuvent être rectilignes, à méandres ou à tresse (Fig. I.4; Makaske, 2001). Ces chenaux 
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à méandres rectilignes 
caractérisés par leur pente faible (0.01 cm m-1), une granulométrie fine et cohésive des 
matériaux, et, dans certains cas, une végétation riveraine dense, expliquent la stabilité 

























Figure I.4. Classification des rivières basée sur le style fluvial et la géomorphologie de la plaine 
d'inondation. (d'après Makaske, 2001) 
Les chenaux sont fréquemment accompagnés de levées, en arrière desquelles se 
développent des zones humides où les eaux de crue se déversent à la faveur de 
Légende 
Plaine d'inondation 
Bande de méandrage  
Canal actif 
B       = Braiding index  
Pind      = Sinuosité 
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brèches.Ces eaux sont très chargées en matières en suspension (Bravard et Petite, 
2000). Les rivières anastomosées sont, en général, formées par des processus 
d'avulsion (voir § 1.2; Bridge, 2003; Makaske, 2001). 
Makaske (2001) a classé les rivières (Fig. I.4) suivant leur style fluvial et la 
géomorphologie de leur plaine d'inondation, comme suit :  
 
2.2 Phénomènes d'Avulsion  
2.2.1 Définition et terminologie 
L'avulsion est le détournement de flux qui cause la formation de nouveaux chenaux sur 
la plaine d'inondation. Les avulsions peuvent prendre place dans une grande variété de 
milieux alluviaux (Makaske, 2001), y compris les cônes alluviaux, plaines d'inondation et
deltas, soient en rivières à tresse, méandres ou anastomosées. 
Pendant les processus d'avulsion, on peut distinguer: le canal "parent", qui est le canal 
dont le flux est détourné à partir d'un point de divergence; et, le canal avulsive formé 










Figure I.5. Terminologie utilisée pour définir le processus d'avulsion 
(modifié d'après Slingerland, 2004) 
 
 
Rivières à Méandres 
Un seul Thalweg 
Rivières Rectilignes 
RIVIERES A UNE SEULE 
BANDE DE MEANDRAGE
Multiples Thalwegs Rivières à Tresse 
RIVIERES A MULTIPLES 
Rivières Anastomosées
Canal Parent  
Canal Avulsive  
Point de divergence  
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2.2.2 Styles d'avulsion 
Au moins trois différents modèles d'avulsion sont reconnus :  
a) Avulsion par annexion (Fig. I.6A), dans laquelle le canal parent intercepte un autre 
canal (s'il est actif) ou réoccupe un canal abandonné. Ici, l'héritage topographique 
des plaines d'inondation, soit sous forme de chenaux abandonnés, actifs ou 
partiellement actifs, est un important contrôle sur le site d'arrivage de nouveaux 
chenaux avulsives. Dans la plupart des cas d'avulsion par annexion, le canal 
intercepté est, soit plus petit ou plus grand que nécessaire pour transmettre le flux 
qui lui est imposé. Dans les cas où il est trop petit, le canal annexé peut déborder, 
avec l'élargissement de sa section transversale ou par l'ouverture d'une ou plusieurs 
brèches dans ses levées, pour constituer une forme de cône alluvial appelé 
"crevasse splay". 
 
b) Avulsion par incision, qui implique l'érosion des nouveaux chenaux dans la plaine 
d'inondation comme résultat direct de l'avulsion. Ce style est caractérisé, au début 
par une phase d'incision qui permet aux flux de déborder dans la plaine d'inondation, 
et de se déplacer toujours dans la direction de la pente mineure (Slingerlad, 2004). 
Dans le scénario de Mohrig et al. (2000), cela est suivi par des processus 
d'aggradation. Ce style d'avulsion est probablement favorisé dans les plaines 
d'inondation qui drainent rapidement, par exemple, celles à forte pente, avec 
végétation clairsemée et un niveau phréatique sous la surface de la plaine 
(Slingerlad, 2004).  
 
c) Avulsion par progradation (Fig. I.7), qui commence par des processus d'aggradation 
(Fig. I.7A), caractérisés par de vastes dépôts et un réseau distribué de multi-
chenaux. Il est suivi par l'intégration du réseau multi-chenaux en un seul canal érosif 
(downcutting) (Fig. I.7B). L'avulsion progradationelle est probablement favorisée 
dans les plaines d'inondation. En effet, ces dernières sont caractérisées par un 
écoulement lent du à des faibles pentes; une végétation dense et un niveau de 
nappe phréatique qui favorisent la formation des eaux stagnantes, avec le dépôt de 
sédiments fins en suspension. 














Figure I.6. Modèles d'avulsion par annexion. A) Etat initial, ou le canal avulsive a occupé un 
canal abandonné. B) Etat final, quand le canal avulsive incise dans la plaine d'inondation 













Figure I.7. Modèles d'avulsion par progradation. A) Etat initial, l'avulsion commence par la 
formation de chenaux anastomosés et une rapide aggradation  B) Etat final, quand les chenaux 
distributifs se sont intégrés dans un seul canal, qui, localement, érode les dépôts 




préexistent Noeud d'avulsion 




Canal neuf incisé 
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2.2.3 Causes de l'avulsion 
• Configuration (Setup) 
La configuration agit à long terme, et c'est l'ensemble des causes qui font que le 
canal augmente progressivement sa sensibilité à l'avulsion (Jones & Schumm, 1999, 
Mohrig et al. 2000, Slingerland & Smith, 2004).  
Cette configuration produit des phénomènes d'aggradation dans le lit de la rivière, où 
il y a une tendance à ce que les taux de dépôt y soient supérieurs à ceux de la 
plaine d'inondation adjacente. Le couplage des dépôts de sédiments sur le lit du 
canal et sur les levées, fait que le canal deviendra progressivement perché au-
dessus de sa plaine d'inondation, tout en gardant une section transversale qui 
s'adapte le mieux au débit d'eau et des sédiments (Mohring, 2000). 
Plusieurs mécanismes ont été proposés concernant la cause de l'augmentation 
d'aggradation:  
- augmentation de la charge de sédiments par rapport à la capacité de la rivière, 
- changement du débit maximal, 
- diminution du gradient du canal, en raison de facteurs comme : augmentation de 
la sinuosité, extension du delta/cône, variation du niveau de base, tectonique et 
climatique (Schumm et al. 1996; Jones & Schumm, 1999; Ethridge et al. 1999; 
Stouthamer & Berendsen, 2000; Bridge, 2003). 
 
• Facteurs déclenchant des avulsions (triggering factors) 
A court terme, les facteurs déclenchant (FD) des avulsions sont des événements qui 
modifient d'une façon abrupte la capacité du canal, par la variation de la géométrie 
du lit, du débit ou des autres conditions hydrauliques, au niveau du point de 
divergence. Ces événements sont généralement des inondations, mais également 
des processus tels que des mouvements néotectoniques brusques, embâcles, log 
jams, blocages de végétation, glissements de terrains ou migrations de bancs de 
sable en aval qui peuvent bloquer temporairement un tributaire.  
Lorsque les conditions générales de configuration sont suffisantes pour permettre 
l'avulsion, le site où elle a lieu peut être déterminé par des facteurs locaux comme la 
géométrie du canal, la stabilité des berges, ou la topographie, ainsi que la 
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concordance avec l'un des mécanismes de déclenchement mentionnés ci-dessus. 
Les avulsions communes commencent par des crevasses qui vont s'agrandir jusqu'à 
ce que l'écoulement soit définitivement détourné du canal principal (canal "parent"). 
Elles se retrouvent à l'extérieur des courbes des méandres, où les vitesses 
d'écoulement sont élevées. Les levées y sont étroites, et les flux d'inondation 
affectent les berges à hauts angles. 
La fréquence d'avulsion est contrôlée par l'interaction entre le taux auquel différents 
processus de configuration se combinent pour augmenter progressivement la 





















OBJET D'ETUDE: LE MEGA-CÔNE DU NAPO-PASTAZA : 
 











A l’ouest du Bassin Amazonien, la zone d'étude s'étend depuis la Cordillère des 
Andes Equatoriennes jusqu'à la confluence entre les rios Napo et Pastaza avec le 
Marañon au Pérou (Fig. II.1). Il y a quatre facteurs principaux qui expliquent les 
régimes climatiques de la zone: 
a) L’Océan Pacifique et ses courants sous-marins (le courant froid de Humboldt 
et chaud du Niño). Ils ont, eux aussi, un impact sur le climat de la région. La 
perturbation du système océan-atmosphère dans l’océan Pacifique Tropical 
provoque le phénomène du "El Niño – Oscillation Sud" (ENSO) qui a 
d’importantes conséquences sur le climat du globe. En termes généraux, les 
années où El Niño se manifeste sont plus sèches et tempérées en Amazonie, 
alors que les périodes de La Niña sont plutôt froides et humides.  
b) Le relief joue lui aussi un rôle dans la production de pluies orographiques. 
Selon certains auteurs (Ronchail, 2006; Laraque, 2007; entre autres) les 
précipitations ont tendance à diminuer avec l'altitude, mais aussi avec la 
situation de la station étudiée à l'égard de la direction du vent humide. Les 
déplacements de la Zone de Convergence Intertropicale (ZCI) vers le Nord ou 
le Sud, détermine l’entrée de masses d’air à températures et humidité 
différentes. Au niveau du delta de l'Amazone, le maximum pluvieux de mois 
du Mars, Avril et Mai et le minimum de Septembre, Octobre, Novembre sont, 
bien sûr, associés à la migration saisonnière du front de la ZCI (Espinoza, 
2008). 
c) La Zone de Convergence de l’Atlantique Sud (ZCAS). Le climat du Bassin 
Amazonien est influencé par les changements de température à la surface 
des mers, dus au déplacement saisonnier de la ZCAS.  
d) Finalement, la sécheresse récente de 2005 qui a touché l'ouest des sous-
bassins (des fleuves Solimões et Madeira) au cours des basses eaux 




la mer (SST) dans les zones tropicales de l'Atlantique nord (Zeng et al., 2008; 




















Figure II.1.  a) Localisation de la zone d'étude : carré rouge à l’ouest du Bassin Amazonien 
















est représenté par la ligne blanche en tiret. Les principales rivières sont représentées par les 
lignes continues en bleu. Le cercle blanc représente la station hydrologique de Baños. 
II.1.1 Climat actuel 
Sur le versant oriental des Andes équatoriennes, une étude précédente menée sur 
la pluviométrie et le débit des cours d’eau (Laraque et al., 2007) montre que leurs 
régimes sont très variables dans l’espace et subissent un fort contrôle orographique. 
Dans cette région Andine, on peut trouver des valeurs très élèves et très faibles de 
précipitations (entre 250 et 6000 mm an-1) enregistrées dans des stations de 
proximité. Cette variation spatiale forte est due à la diminution des précipitations 
avec l'altitude et la position des stations, exposées au vent ou sous le vent 
(Espinoza, 2008). La distribution des régimes de précipitations est très complexe 
dans les hauts bassins inter-andins. Il existe un régime pluvial bimodal fort, qui 
atteint son maximum de mars à avril et en octobre et son minimum de juin à août. 
Dans les terres-basses de l’Equateur, les totaux pluviométriques et la variabilité des 
débits saisonniers sont très faibles. Néanmoins, un maximum relatif des pluies est 
enregistré en Avril, et en juin pour les débits, un maximum secondaire peut être 
observé en octobre (pluies) et en novembre (débits). En Amazonie péruvienne, les 
comportements par rapport aux pluies et débits sont très similaires à ceux observés 
en amont. La variabilité saisonnière est très faible, avec un maximum relatif 
enregistré d’avril à juin pour les pluies et en mai pour les débits. De la même 
manière, un maximum secondaire est observé en octobre (pluies); la seule 
différence est par rapport aux débits qui présentent un maximum en juin.  
Les bassins de drainage des Rio Pastaza et Napo sont couverts par ces différents 
régimes pluviaux. Cette importante hétérogénéité spatiale est une caractéristique 
remarquable de notre région d'étude. 
II.1.2 Paléoclimat 
Généralement, on admet que l’Amérique du Sud a connu plusieurs fluctuations 
climatiques pendant ces 3000 dernières années comme résultat de l’alternance des 
périodes glaciaires et inter glaciaires. Durant les périodes glaciaires, les glaciers se 
sont répandus dans les Andes et des climats plutôt froids ont régnés dans le bassin 




de 21000 ans BP, relativement proche du LGM globale. Pendant cette époque, on a 
enregistré une chute de température de l’ordre de 6 à 8°C dans les Andes et de 
4,8°C pour les terres basses de l’Amazonie équatorienne. Il n’y a aucune évidence 
dé glaciation dans le bouclier amazonien ni au Nord ni au Sud du Bassin. Une 
période d’exceptionnelle sécheresse a sévi de 35 000 à 27 000 ans (Bush et al., 
2002). Puis, pendant les maximums glaciaires (22 000 à 18 000 ans, LGM), des 
régions d’altitude du Bassin Amazonien (Altiplano en Bolivie et au Pérou), étaient 
plus humides que de nos jours (Baker et al., 2001, Bush et al., 2002), Durant 
l’Holocène moyen, une sécheresse ou plutôt une série de sécheresses a influencé 
les systèmes andin et amazonien. Le lac Titicaca a présenté son plus bas niveau 
pendant l’Holocène en c. 5 500 ans BP (Baker et al., 2001). Cependant, cette 
sécheresse a probablement commencé tôt en 9 000 ans BP, et s’est terminée tard 
dans les 3 400 ans BP (Abbott et al., 1997), en présentant des sévérités maximales 
en 5 500 ans BP. Dans l’Amazonie occidentale (Equateur-Pérou), les analyses 
concernant des lacs, suggèrent une alternance entre les climats secs et humides 
depuis les derniers 5 200 ans. Dans l’Amazonie équatorienne, la période de 
sécheresse la plus dramatique a eu lieu entre 4 300 à 3 800 ans, caractérisée par 
des pluies plus saisonnières, alors que les 1 000 dernières années ont été la période 
la plus humide de l’Holocène (Frost, 1988, Bush et al., 2007). 
Au cours de la période interglaciaire chaude actuelle est apparu un intervalle assez 
froid souvent appelé le Petit Âge Glaciaire (LIA, par ses sigles en anglais). Le LIA 
comprend l'ensemble des avancées glaciaires entre les 13éme et 19éme siècles. En 
Equateur, le LIA est attesté par la dernière extension maximale des glaciers 
tropicaux, qui aurait eu lieu au début du 18éme siècle. En Bolivie, les pulsations 
froides du Petit Age Glaciaire ont été associées aux grandes périodes de La Niña 
(Gioda & del Rosario Prieto, 1999).  
II.2 HYDROLOGIE 
Le Bassin Amazonien (Fig. II.1a) est le plus important bassin versant du monde par 
sa taille d’environ 6 200 000 km2 et son débit moyen annuel de 209 000 m3 s-1 
(Molinier et al., 1996). Il s’étend sur 7 pays, le Brésil (63%), le Pérou (16%), la 
Bolivie (12%), la Colombie (6%), l’Equateur (2%), le Venezuela et la Guyana (1%). Il 
est délimité à l’ouest par la chaîne des Andes qui ne correspond qu’à 12% du bassin 
mais apporte plus de 95% de sédiments déposés en l'Atlantique (Laraque et al., 
 




2007) et joue un rôle fondamental dans le climat de la région. Les rivières du Napo 
(100,520 km2; 6,300 m3 s-1) et Pastaza (40,880 km2; 910 m3 s-1) prennent leur 
source dans la Cordillère Equatoriale des Andes et elles drainent le méga cône du 
Napo-Pastaza jusqu'à leur confluence avec le Rio Marañón (Fig. II.1b). Un peu plus 
en aval de la confluence avec le Rio Napo, le fleuve Amazonas né au Pérou de la 
confluence des rivières andines Ucayali et Marañón. 
 
II.2.1 La variabilité des débits 
L'influence du phénomène climatique ENSO sur les débits des rivières de 
l'Amazonie a été discutée par Foley 2002, qui soutient qu'au cours des événements 
El Niño, il y a une diminution des débits le long de nombreux cours d'eau dans le 
bassin Amazonien, alors qu'au cours des événements La Niña, il existe une forte 
augmentation des écoulements des rivières du Bassin Amazonien, en particulier des 
affluents venant du nord et l'ouest. Cette affirmation, a été vérifiée à la sortie des 
Andes en Equateur où se trouve le barrage d'Hydroagoyan (aval de Baños, vallée 
du Pastaza, Fig. II.1b). Ses données des débits nous ont permis de tracer leur 
évolution moyenne pour les 43 dernières années hydrologiques (Fig. II.2). Sur cette 
figure on peut observer qu'au cours des événements de Niña, il y a une 
augmentation du débit annuel, parfois très importante comme pour l'année 1975, eu 
égard au débit moyen (121 m3 s-1) ce qui est en accord avec les observations faites 
par Molion (1991). Cependant, les Niño n'ont pas de signatures climatiques claires 
sur le bassin amazonien, ce qui est en accord avec les données de la littérature. En 
effet, seuls les Niño les plus importants ont une signature visible sur l'Amazonie 
orientale en entrainant une baisse importante des précipitations (Kousky et al., 1984, 






Figure II.2. Influence de l'indice de fluctuation austral (ENSO) sur le débit du Pastaza au 
niveau du barrage d'Hydroagoyan. 
La figure II.3 montre que la station de Baños localisée à la sortie des Andes, 
présente un seul maximum en Juin–Juillet; alors que la deuxième, station Andoas 
localisée près de l'embouchure avec le Marañon, montre un régime bimodal. 
Pour Baños, le maximum du débit mensuel moyen, se produit en Juillet (181 m3 s-1), 
et le minimum en Janvier (82.580 m3 s-1; Fig. II.3). Cependant, il est important de 
souligner que les hydrogrammes journaliers sont caractérisés par de nombreuses 
crues flash à la sortie des Andes (Laraque et al., 2007). 
Malheureusement en aval, dans la partie médiane du bassin de Pastaza, à la station 
Andoas les débits n'ont été enregistrés que sur 5 ans (1997-2002, Fig. II.3), avec 
une valeur moyenne annuelle de 910 m3 s-1. Le débit maximum moyen mensuel se 
produit en Mai (1222 m3 s-1) et le minimum se produit en Septembre (674 m3 s-1). De 
la même façon que la pluie, le comportement du débit est très variable au sein du 
bassin du Pastaza. Le Rio Pastaza est qualifié de "rivière blanche", caractérisé par 
une forte charge de suspension (Briceño, 2005), mais il y a relativement peu de 
données disponibles sur les bilans de sédiments en suspension. En amont (à 
Baños), l'existence d'une série incomplète de données empêche de faire des 
analyses des périodicités et en aval l'accès est difficile en raison de l'isolement et de 
l'insécurité (Laraque, 2009)  
 











Figure II.3. Débits moyens mensuels de deux stations hydrologiques du Pastaza. 
Période de données : Baños (1997-2002) et Andoas (1997 - 2002) 
 
II.3 CADRE GÉOLOGIQUE  
La partie des Andes équatoriennes (Fig. II.4) alimentant le bassin de drainage nord 
Amazonien peut être divisé en 4 unités morpho tectoniques, qui sont, d'ouest en est
• La Cordillère Occidentale (CCO), est constituée de terrains allochtones 
accrétés à la marge occidentale de l'Amérique du Sud durant le Crétacé 
supérieur et le Paléogène (Feininger & Bristow, 1980 ; Egüez, 1986 ; 
Feininger, 1987 ; Aspden & Litherland, 1992 ; Spikings et al., 2001 ; Hughes 
& Pilatasig, 2002). Dans cette Cordillère, deux séries allochtones distinctes 
d’origine océanique sont identifiées: les groupe « Pallatanga » et 
« Macuchii ». L’accrétion du groupe «Pallatanga» (ensemble à affinité 
océanique type basaltes et péridotites d’âge crétacé inférieur à supérieur) à la 
marge continentale se produit entre 85-60 Ma (crétacé supérieur). La 
deuxième étape d’accrétion, qui concerne une séquence d’arc volcano-
sédimentaire océanique de composition basalte-andésitique connu sous le 
nom de la série «Macuchi» (Paléocène (?) à Eocène inférieur), est impliquée 
dans une collision oblique par rapport à la série « Pallatanga » suivant un 
mouvement dextre, cet épisode se produit durant l'Eocène supérieur (Hughes 




régional dite de «Chimbo-Toachi», laquelle est juxtaposée à la Dépression 
Inter Andine (Hughes & Pilatasig, 2002).  
 
Figure II.4.  a) Localisation de la zone d'étude. (b) Carte géologique simplifiée. (CoB: Bloc 
Côtier, WC: Cordillère Occidentale, IAD: Dépression Interandine, EC: Cordillère Royale, SZ: 
Zone Subandine, AmFB: Bassin d'Avant-Pays nord amazonien. (c) Mosaïque combinant le 
Modèle Numérique de Terrain - Images Landsat ETM+ de la zone. Le bassin de drainage 
est représenté par la ligne continue en noir et les principales rivières par des lignes 
blanches. Les carrés blancs  représentent les volcans en éruption (Volcan Reventador, RV; 
Volcan Tungurahua, TV; Volcan Sangay, SV) et les points bleus représentent les volcans 
actifs. Les croix noires représentent les stations hydrologiques et pluviométriques (St. 
Cusubamba: Cu; St. Baños: Ba; St. Andoas: An; St. Teniente López: TL). 
 
 La Dépression Inter Andine  (DIA) est une dépression topographique 
orientée N-S à NNE-SSW et qui héberge un ensemble de bassins 
sédimentaires. Ces bassins se sont formés en réponse à un réarrangement, à 
 




grande échelle, qui s'est produit à la fin du Miocène dans l'Arc et l'Avant-Arc 
Andin. Chaque bassin a été rempli par des dépôts continentaux soit de cônes 
alluviaux, soit fluviatiles, soit lacustres et/ou volcaniques (Winkler et al., 
2005). Les principales limites structurales de l'DIA sont des failles réactivées, 
d'échelle crustale, formées pendant les épisodes successifs d'accrétion 
Crétacé et Tertiaire inférieur le long de la marge équatorienne (Litherland et 
al., 1994; Spikings et al., 2001; Hughes & Pilatasig, 2002.). A l'ouest, la limite 
entre la CCO et l'DIA est constituée par le système de failles « Pallatanga –
Pujilí - Calacalí », formé pendant l'accrétion de la série « Pallatanga » au 
Crétacé inférieur. Vers l’Est, la DIA est limitée par la faille « Peltetec » qui la 
sépare de la Cordillère Orientale. L'origine de cette faille a été interprétée de 
deux façon; soit comme le résultat de l'accrétion des terrains de la Cordillère 
Orientale (Litherland et al., 1994), soit comme le résultat de l'accrétion de la 
série océanique du Pallatanga pendant le Crétacé supérieur (Spikings et al., 
2005). Une étude de gravimétrie réalisée par Feininger & Seguin (1983) 
montre des anomalies négatives de Bouger dans la DIA qui suggèrent la 
présence d’un socle comparable aux roches de la Cordillère Orientale. Il est 
donc probable que des roches métamorphiques constituent en grande partie 
le socle de la DIA, il s'agit du groupe « Chaucha» (Aspden &Litherland, 1992). 
 
• La Cordillère Orientale ou Cordillère Royale (EC) est constituée par un axe 
de roches métamorphiques d'âge Paléozoïque à Crétacé inférieur, disposées 
en bandes parallèles (Aspden & Litherland, 1992; Litherland et al., 1994). Les 
ensembles de roches métamorphiques de la Cordillère Orientale sont sujets à 
diverses interprétations: Aspden & Litherland (1992) ont proposé un modèle 
avec une série  d'accrétions mésozoïques  constituées de cinq unités 
tectoniques qui sont d’ouest en est:  
 Guamote (série continentale), Alao-Paute (arc insulaire), Loja (série 
continentale), Salado (arc insulaire) et Zamora (série continentale). 
Cependant, un autre modèle est proposé par Pratt et al., (2005) selon lequel, 
la Cordillère Royale serait constitué d'éléments tectonostratigraphiques 
appartenant à marge ouest du craton sud-américain, et qui ont été formés à 




déposés sur le Bouclier Guyanais. A l'est de la cordillère royale on trouve le 
bassin Oriental, ce bassin appartient au système subandin actuel de rétro-
bassin d’avant pays adjacent aux Andes, qui s’étend de la Colombie jusqu'au 
sud de l’Argentine (Marsteiner & Alemàn, 1997). Le Bassin Oriental s’étend 
vers le nord en Colombie, où il est appelé Bassin Putumayo, et vers le sud au 
Pérou, où il reçoit le nom de Bassin Marañón. Il comporte deux domaines 
physio-géographiques et structuraux: la zone subandine et le bassin d'avant-
pays nord amazonien s.s. .  
 
• la Zone Subandine (ZS) qui chevauche le bassin d'Avant-Pays nord 
amazonien. Elle correspond au piémont andin et présente une forte activité 
sismique et volcanique (Hall, 1977 ; Barragán et al., 1998 ; Legrand et al., 
2005) ; elle peut être considérée comme la « wedge top depozone » du 
système d’avant-pays (au sens de DeCelles et Giles, 1996). Elle est 
découpée du nord au sud en trois unités morphologiques : le Dôme du Napo ; 
la Dépression Pastaza ; la Cordillère de Cutucú. Le cœur de ces unités est 
constitué par les formations de « Misahualli » et du « Santiago », (Tschopp 
1953; Baby et al. 1999) et implique des formations sédimentaires allant du 
Jurassique au Néogène. Elle est déformée par des chevauchements 
relativement redressés qui s’enracinent directement dans le socle. Le 
raccourcissement horizontal est faible et la déformation se manifeste surtout 
par des mouvements verticaux. L’étude de marqueurs morphologiques sur 
l’apex actuel du méga-cône du Pastaza montre que ces mouvements 
verticaux associés aux chevauchements sont toujours très importants et 
peuvent être de l’ordre du centimètre par an au cours des derniers 20 000 ans 
(Bès de Berc et al., 2005). La ZS est séparée du bassin d'avant-pays 
amazonien par le chevauchement Frontal Subandin. 
• Le Bassin d'Avant-Pays Nord Amazonien s.s. (AmFB, Roddaz et al. 2005) 
à l’est de la Zone Subandine, présente des déformations moins prononcées. Il 
est en grande partie occupé par le méga-cône alluvial du Napo-Pastaza et 
correspond à la partie proximale de la « foredeep depozone » (au sens de 
DeCelles et Giles, 1996). La partie occidentale du BAPNA est légèrement 
déformée par la propagation du front des chevauchements Subandins, cette 
 




tectonique empiète donc sur le bassin d'avant-pays et est surtout visible au 
niveau du chevauchement Bobonaza et de l'anticlinal associé de 
« Cangaime ». Du point de vue stratigraphique, le bassin amazonien 
préserve, au-dessus du bouclier brésilien, une pile sédimentaire allant du 
Paléozoïque au Miocène. Les premiers stades de développement du bassin 
comprennent des faciès marins avec des argiles et des grès des formations 
« Hollín » et « Napo » d’âge Aptien à Campanien. À partir du Crétacé 
Supérieur (Maastrichien), les dépôts fluviatiles prédominent, mais il existe 
cependant selon certains auteurs, une brève ingression marine pendant 
l'oligocène. L'aggradation fluviale dans le BAPNA, aurait commencé autour de 
22 Ma avec des sédiments issus de l'ouest (Roddaz, 2005; Burgos, 2006). 
Cette sédimentation correspond aux dépôts du méga-cône du Pastaza. 
     La migration de l'apex du méga-cône a été contrôlée par le développement du 
front de chevauchement (Bès de Berc, 2005). Vers le sud-est, dans le sous 
bassin "Marañón-Pastaza" (Amazonie Péruvienne), le méga-cône a été défini 
comme un système de dépôts volcaniques d'âges Pléistocène à Holocène 
(Zapata et al., 1998). Cette formation a été limitée à l'est par la présence 
d'une élévation topographique allongée N130° et connu sous le nom de 
l'arche d'Iquitos (Räsänen et al., 1992; Räsänen et al., 1990), qui correspond 
au bourrelet périphérique miocène (forebulge) lié à la surcharge 
topographique exercée par la Cordillère des Andes sur le craton sud-












II.4     GÉODYNAMIQUE 
L'évolution géodynamique des Andes d'Equateur est contrôlée par l'interaction 
complexe de différentes plaques: les plaques océaniques de Nazca, des Caraïbes, 
des Cocos et de la plaque continentale sud-américaine (Fig. II.5). 
Figure II.5. Schéma Géodynamique de la marge Est du Pacifique, au niveau de l’Amérique 
Centrale et du Sud (d'après Gutscher et al., 1999). FZ: Zone de Fracture; GG: Golfe de 
Guayaquil; DGM: Dolores Guayaquil). 
 
Initialement, la zone pacifique était constituée d'une plaque unique, la plaque 
Farallon, cette plaque s'est ensuite divisée au début du Miocène (Lonsdale, 2005), 
en deux plaques: la plaque Cocos au nord et la plaque Nazca pour la partie sud. Le 
bord oriental de la plaque Nazca est marqué par une limite de convergence, en effet 
elle subducte sous la plaque d'Amérique du Sud en formant  la fosse du Pérou-Chili. 
La limite nord de la plaque Nazca forme une marge divergente globalement orientée 
 




EW avec la plaque Cocos. Cette limite est matérialisée par la dorsale des 
Galapagos. La plaque Nazca, au large de la côte équatorienne, présente deux 
caractéristiques remarquables:  
1) La Zone de Fracture de Grijalva (ZFG) qui sépare des croûtes océaniques 
d'âges différents variant du Sud au Nord d'un âge supérieur à 27 Ma 
(Lonsdale et Klitgort, 1978) à un âge de moins de 20-22 Ma (Lonsdale, 1978). 
2) La Ride de Carnegie, formée lors du passage de la plaque Nazca sur le point 
chaud des Galápagos serait entrée en subduction vers 2 Ma (Deniaud, 1999; 
Gutscher et al., 1999). 
Au sud du ZFG, la plaque Nazca subducte vers l'ENE en-dessous du Golfe de 
Guayaquil avec une vitesse de 7,8 cm/an  (Pennington, 1981; Gutscher et al., 1999, 
Collot et al., 2002), et au nord de la ZFG, la vitesse de convergence au niveau de la 
fosse entre la plaque océanique de Nazca et la plaque continentale sud-américaine 
est de 5,7 cm/an  avec une direction de convergence de ~N100° (Trenkamp et al., 
2002). La limite de plaque est marquée par la présence de la ride sous-marine du 
Carnegie, qui est quasiment perpendiculaire à la côte équatorienne, avec une 
orientation est-ouest subductant entre 1°N et 2°S de latitude sous la plaque sud-
américaine. 
La Cordillère Asismique du Carnegie (CAC), avec ses 200 km de largeur et une 
épaisseur vraisemblablement supérieure à 15 km (Collot et al., 2002), présente un 
relief pouvant atteindre 3000 m au-dessus des plaines abyssales environnantes et 
provoque une forte diminution de la profondeur (~2,9 km) de la fosse au large de 




Continentale Équatorienne a commencé à se soulever d'environ 1700 m selon 
Lonsdale (1978). Daly (1989), Benitez (1995), Aalto et Miller (1999), Deniaud, 
(1999), Pedoja (2003) et Cantalamesa et Di Celma (2004) ont proposé que 
l'évolution des bassins d’avant-arc, comme les bassins de Borbon et Manabí, a été 
contrôlée par la subduction de la ride Carnegie.  
À la latitude d'environ 1°N, la convergence entre les plaques du Nazca et du Sud-
américaine est oblique et produit un partitionnement de la déformation (Ego et al., 
1996). Cette convergence oblique et la subduction de la CAC ont été proposées 
comme étant le moteur de la migration des blocs Nord-Andins. Ces blocs migrent 
vers le NE le long d'un système décrochant majeur, qui s'étend de l'Équateur au 
Venezuela (Ego et al., 1996). La zone de faille du Front Andin Oriental (ZFAOF) est 
située entre les Blocs Andins et la plaque Sud-Américaine et est habituellement 
considérée comme la principale zone décrochant (Pennington, 1981; Ego et al., 
1996). Le ZFAOF commence en Équateur à l'Est du Golfe de Guayaquil, où elle est 
connue sous le nom de la Faille décrochant de Pallatanga. Au nord de l'Équateur, 
elle saute vers la partie orientale de la Cordillère des Andes (Faille Chingual La 
Sofia). À l'Est du ZFAOF, les Andes équatoriennes sont composées d'une série de 
chevauchements principalement à vergence orientale constituant la Cordillère 
Orientale et le Piémont Subandin (Aspden & Litherland, 1992; Baby et al.,1999; Pratt 
et al., 2005). Le Piémont Subandin est le siège d'une importante activité sismique. 
Cette activité se concentre autour des deux zones sismiques principales, la zone de 


























Figure II.6. Localisation des zones sismiques orientales d'Équateur: les zones de Macas 
(points jaunes) et Puyo (points roses). 
 
II.4.1 La zone sismique de Macas 
Elle est située dans la Cordillère du Cutucu et est caractérisée par la présence de  
deux orientations principales de la sismicité: l'une NNE-SSW et l'autre NNW-SSE 
(Legrand et al., 2005). Ces orientations sont celles des chevauchements liés à 
l'inversion tectonique d’un rift NNE-SSW, d'âge Triasique à Jurassique (Baby et al., 
1999; Christophoul, 1999; Rivadeneira & Baby, 1999). La sismicité associée à ces 
failles inverses est peu profonde (<50 km, Legrand et al., 2005). Ces séismes sont 
en majorité d'une magnitude proche de 4, mais peuvent atteindre, comme ce fut le 
cas du séisme d'octobre 1995, une magnitude de 7. Ce séisme causa de nombreux 
dégâts matériels, le plus impressionnant étant la destruction du pont du Rio Upano . 





II.4.2 La zone sismique de Puyo 
Les plans focaux présentent une direction principale NE et il s'agit ici de séismes 
profonds (environ 200 km, Bernal, 1998). Ils sont à mettre en relation avec la 
subduction andine. L'existence de ce nid a été corrélée à une zone de transition sur 
la plaque Nazca, qui passe d'une subduction plate dans le sud du Pérou à une 
subduction normale avec une pente de 30-40° en Colombie. De plus, ce nid de 
sismicité se concentre plus particulièrement sur la limite sud de la partie subductée 
de la Ride de Carnegie. 
 
II.5 ACTIVITE VOLCANIQUE  
 
En Équateur, l'activité volcanique est enregistrée depuis le Miocène supérieur et 
Pliocène inférieur, mais à partir du Quaternaire et la subduction de la plaque du 
Nazca, on assiste à une recrudescence de l'activité volcanique (Bourdon et al., 
2002). Ce volcanisme Plio–Quaternaire est restreint à la zone centrale nord 
équatorienne. Il se matérialise par de nombreux stratovolcans qui forment la Zone 
Volcanique Nord (ZVN) des Andes équatoriennes. Cette ZVN s'étend sur plus de 
500 km de longueur avec une largeur supérieure à 120 km. 
La ZVN correspond à l'arc volcanique équatorien actuel. D'un point de vue 
géochimique, il est divisé en trois groupes (Monzier et al., 1999 et 2003): 
 Le Front Volcanique, qui est constitué par les volcans situés dans la 
Cordillère Occidentale, à l'exception du Chimborazo. 
 L'Arc Principal, qui inclut les volcans situés dans la Cordillère Royale et la 
grande majorité des volcans de la Dépression Interandine (Reventador, 
Tungurahua et Sangay). 
 Les volcans du Retro-arc situés dans la Zone Subandine, avec une 
composition chimique et minéralogique différente du reste (volcan Sumaco).  
 




La ZVN des Andes d'Équateur possède à peu près 20 volcans actifs depuis 
l'Holocène dont onze sont rentrés en éruption dans les périodes précolombiennes et 
historique (Hall et al., 2008).  
Dans la partie amont des bassins de drainage des principales rivières du Méga-cône 
de Napo-Pastaza, se trouve vingt-trois volcans, dont sept sont actifs et deux sont 
potentiellement actifs (IGF-EPN, http://www.igepn.edu.ec/). Actuellement trois 
volcans sont en éruption quasi constante: le  Reventador dans le bassin du Río 




II.6 GÉOMORPHOLOGIE  
Les premières études sur le Méga-cône du Pastaza étaient dirigées par Räsänen en 
1992, qui a défini la présence d'un grand cône alluvial tropical humide en face de la 
Cordillère des Andes, avec une superficie de 60 000 km2. Ce méga-cône est drainée 
par le Rio Pastaza (Räsänen, 1992, Bès de Berc, 2005, Burgos, 2006), qui naît dans 
la Cordillère Occidentale et traverse le bassin amazonien équatorien puis péruvien, 
jusqu'à sa confluence avec le fleuve Marañón (Fig.II.4). 
Pendant que le Rio Pastaza traverse la Cordillère des Andes (Cordillères 
Occidentale et Orientale, et Dépression Interandine), les affluents du Rio Pastaza 
montrent un réseau de drainage en treillis perturbé localement par la superposition 
d'un drainage radial résultat de la présence des nombreux volcans de la région. Le 
Rio Pastaza traverse la Cordillère Orientale par le biais d'une vallée fortement 











Figure II.7. Vallée incisée de la rivière du Pastaza dans la Cordillère Orientale, les 
personnes sur le pont donnent l'échelle.  
 
 




Ensuite, le Rio Pastaza traverse la zone Subandine où il dessine plusieurs courbes 
de 90 ° (Fig. II.8). Mais quand il débouche dans la plaine amazonienne sa pente 
diminué progressivement à l'aval, et il trace une légère courbe vers le sud jusqu'à ce 
















 Le principal marqueur géomorphologique de la région est le Plateau Puyo ou 
Surface Villano (Mesa de Mera pour Baldock, 1982; Surface Mera pour Bès de Berc 
et al., 2005; Fig. II.10). Il est caractérisé par une surface plane, légèrement basculée 
vers l'est, et incisée par de nombreux cours d'eaux actuels (Burgos, 2006). Le 
Plateau Puyo / Surface Villano s'est formé pendant le Dernier Maximum Glaciaire 
(LGM, par son acronyme en anglais, ~20 000 a BP, Bès de Berc et al., 2005) et est 
situé au-dessus de sédiments volcano-fluviatiles appartenant à la Formation Mera 
Figure II.8 Cours du haut 
Pastaza dans la zone 
Subandine - notez les 
nombreuses inflexions à 90° 
du fleuve. 
Figure II.9 Cours du bas Pastaza - 
remarquez l'orientation NW-SE de la 
partie amont du fleuve qui va se 
réorienter vers le sud au-delà de la 
latitude 3°S. Il restera ensuite orienté 





datée du Pléistocène. Morphologiquement, il correspond à une glacis (un « pédiment 
» en anglais) résultant de la réduction drastique de la pluviométrie au cours du LGM 
qui engendre de profonds changements dans les principaux processus de transport 
et sédimentation. On passe d'un transport fluviatile à des phénomènes de solifluxion 
et de coulée de boue lors d'évènements pluvieux intermittents et violents,  
caractéristiques des zones semi-arides à arides (Bès de Berc et al., 2005) . 
Le Méga-cône du Pastaza a une forme quasi triangulaire et constitue un haut 
topographique dans le bassin amazonien. Cela diffère de la plupart des domaines 
distributifs de la plaine amazonienne, comme le Rio Beni, dans la plaine de la Bolivie 
(Dumont, 1996), mais est très similaire aux méga-cônes de la Bolivie (Horton & De 
Celles, 2001). Sa morphologie actuelle peut-être divisée en 3 trois zones, fig.II.11: 
Le cône Mio-Pliocène (M Plc) détaillé par Bès de Berc et al. (2005) et Burgos (2006), 













Figure II.10. MNT de la région de Puyo montrant la surface de Puyo–Villano (rose). En violet 
et bleu : terrasses du Rio Pastaza et du Rio Palora (D'après Burgos 2006) 
 














Figure II.11. Morphologie actuelle du cône du Pastaza (Mosaïque Photo Landsat 7). M Plc: 

























Données et Méthodologies   
 
 




Dans l’intégralité de cette étude, deux ensembles de variables sont 
étudiées : celles concernant l’hydrologie, la sédimentologie et la géochimie (§ 
III.2), et celles concernant la géomorphologie, la géodynamique et la 
télédétection (§ III.3). 
 
Pour chacun de ces ensembles, ce chapitre, présente tour à tour l’origine de 
leurs données (§ III.2.1 et III.3.1), les protocoles de mesures des différents 
paramètres bruts sur le terrain et de prélèvements d’échantillons (§ III.2.2 et 
III.3.2), tout comme les protocoles analytiques effectués en laboratoire (§ 
III.2.3 et III.3.3) et enfin les méthodologies de calculs et transformations des 
paramètres initiaux (§ III.2.4 et III.3.4). Ces  dernières opérations permettent 
d’obtenir des variables secondaires exploitables pour estimer par exemple, 
les flux hydro-sédimentaires dans le cas du premier ensemble de données.  
 
En général, ces informations (données et méthodologies) sont déjà 
présentes dans les publications concernées qui constituent le cœur de cette 
thèse. Néanmoins, pour éclairer le lecteur, ce chapitre détaillera un peu plus 
certains protocoles en reprenant en partie, leurs présentations déjà réalisées 
dans les références bibliographiques utilisées par ces mêmes publications. 
Pour le premier ensemble de paramètres (hydrologie, sédimentologie, 
géochimie), ces informations proviennent principalement des références 
suivantes : Carvalho, 1994, Laraque et al., 1995; Filizola, 2003; Ceron, 2004; 
Gondran, 2004; Guyot et Sondag, 2009, qui elles mêmes, les ont souvent 
puisé dans d’autres références antérieures par un jeu de citations en 
cascade. 
Pour le deuxième ensemble de paramètres (géomorphologie, 
géodynamique, télédétection), les données utilisées proviennent 
principalement des références suivantes : Jensen, 2000; Valeriano, 2006; 
Longley et al. 2001; Bourrel, et al., 2007; Enfin, pour ces deux ensembles de 
disciplines, cette thèse constitue la suite logique et le développement 
d’études précédentes amorcées dès 2001 en Equateur (Christophoul et al., 
2002; Laraque et al., 2004, 2005; Ceron, 2004; Gondran, 2004; Bès De Berc 




et al., 2005; Burgos, 2006;  Bourrel et al.; 2007, Guyot et al., 2007; Baby et 
al., sous presse). L’originalité de ce travail est justement d’associer et de 
croiser les résultats de ces deux ensembles de disciplines connexes, mais 
pourtant rarement étudiées de concert. 
 
III.1. PARAMETRES ETUDIES EN HYDROLOGIE, SEDIMENTOLOGIE ET 
GEOCHIMIE 
Afin d’obtenir des flux de matières solides et dissous, il faut respecter la 
chaîne de prélèvements/mesures in situ et en laboratoire concernant les 
paramètres suivants, énumérés en respectant leur ordre chronologique : 
cotes limnimétriques, débits liquides, MES puis débits solides. 
III.1.1. Origine des données utilisées  
Ce premier ensemble de données est donc constitué de cotes 
limnimétriques, de débits, de concentrations en MES et de données physico-
chimiques des rivières étudiées. Elles proviennent des relevés effectués 
régulièrement par les observateurs des stations hydrométriques, et des 
mesures réalisées lors de diverses campagnes de terrain depuis 2001 dans 
le cadre des programmes HYBAM puis ORE-Hybam menés en Equateur et 
au Pérou en collaboration entre l’IRD et leurs services hydrologiques 
nationaux, respectivement l’INAMHI et le SENAMHI.  
Cette base de données est également complétée par l’information 
hydrologique et météorologique provenant des institutions équatoriennes 
comme l’INAMHI et l’INOCAR.  
Lors des campagnes de terrain, les hydrologues calibrent et contrôlent les 
étalonnages (relation hauteur – débit) en effectuant des jaugeages (mesure 
in situ du débit) via notamment l’utilisation de courantomètres à effet Doppler 
(ADCP).





De 2001 à 2005, dans le cadre des programmes HYBAM puis ORE-Hybam 
menés en Equateur, ont été réalisés une trentaine d’opérations de jaugeages 
solides, avec 3 points de prélèvement sur chacune des 3 verticales réalisées 
dans les sections. Un total d’environ 1500 échantillons a été filtré, provenant 
du réseau de prélèvement décadaire de MES et d’une quarantaine de 
tournées de terrain sur les rivières et stations étudiées dans ce travail. 
 
III.1.2. Protocoles de mesures et prélèvements  
• Cotes limnimétriques 
Le régime hydrologique d’une rivière correspond aux variations 
saisonnières donc cycliques de son niveau d’eau enregistré par ses 
variations de cote limnimétrique à une station donnée. Pour obtenir les 
cotes, les stations sont pourvues de jeux d’échelles limnimétriques, 
complétées parfois d’appareils enregistreurs automatiques 
(limnigraphes). Ces valeurs instantanées d’hauteur d’eau peuvent être 
lues par un « Observateur », une ou plusieurs fois par jour dans le cas 
des stations avec des échelles, ou au pas de temps désiré et 
programmé préalablement pour les stations pourvues d’un limnigraphe 
automatique comme ceux à bullage (ex. Orphymèdes) utilisés dans ce 
travail à la station ROC. 
 
• Jaugeage liquide 
Le débit liquide d’une rivière est le volume d’eau qui traverse sa 
section transversale, par unité de temps. Pour l’obtenir, l’on discrétise 
la section en différentes surfaces unitaires (Ai) dont on connaît les 
dimensions (dl, dp) et vitesses de l’eau (Vi) mesurées habituellement 
au moulinet sur « n » points de « x » verticales. Le débit total (en m3.s-
1) provient ensuite de l’intégration sur la totalité de la largeur (L) et 
profondeur (P) de la section, des débits unitaires précédemment 
calculés, suivant la formule :






Avec 0<l<L et 0<p<P ; l et p correspondant respectivement à 
l’abscisse dans la section et à la profondeur sur une verticale donnée. 




Figure III.1 : Schéma théorique d'une section pour un jaugeage au moulinet 
hydrométrique. (Carvalho, 1994)  
 
Pour transformer les cotes ou niveaux d’eau (H) en débits (Q), il faut 
réaliser les courbes de tarage Q = f(H) des sections étudiées. 
Ces dernières sont obtenues par des opérations de jaugeage liquide 
réparties tout au long du cycle hydrologique afin de pouvoir disposer 
d’une courbe valable en basses eaux comme en hautes eaux. 
 
• Courantomètre à effet Doppler 
Ce travail de thèse fait référence à de nombreux jaugeages réalisés 
avec un courantomètre électronique nommé « ADCP » (Acoustic 
Doppler Current Profiler) utilisant l’effet Doppler. Il conserve le même 
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principe de mesure de débits, mais en décuplant la discrétisation de la 
section en plusieurs milliers de petits débits unitaires. 
Sans trop entrer dans le détail de l’effet Doppler, rappelons que celui 
ci correspond à la variation de fréquences entre un signal acoustique 
émis et son écho après réflexion sur des particules en mouvement 
(RDI, 1989). Dans l’eau il s’agit des MES et les différences entre les 
fréquences d’émission et de réflexion renseignent sur la vitesse et la 
direction de l’eau dans laquelle elles se trouvent. Cet appareil divise 
les sections de mesures en de multiples cellules pour lesquelles il 
donne différents paramètres (vitesse et orientation, superficie, 
température, intensité de l’écho en relation avec la charge en 
MES,….). Il permet donc de réaliser de véritables échographies des 
cours d’eau avec une rapidité extrême, une précision inégalée, une 
haute reproductibilité des mesures et cela en toute sécurité. 
Avec un ordinateur portable, il est alors possible in situ de visualiser à 
l’écran et en temps réel les résultats du jaugeage tels que : débit de la 
section d’étude, trajectoire de l’embarcation, magnitude et direction 
des vitesses moyennes sur les verticales. L’on peut également 
visualiser la bathymétrie du cours d’eau et la distribution des vitesses 
dans la section de la rivière. 
 
• Echantillonnages de MES de surface dans la section de mesure 
du cours d’eau – variabilité temporelle.  
A toutes les stations du réseau de l’ORE HYBAM ainsi que sur le 
réseau complémentaire des stations de référence, trois fois par mois 
(les jours : 1, 10 et 20 de chaque mois), l’observateur de la station 
récolte un échantillon superficiel de 500 ml d’eau et de MES, toujours 
au même endroit de la section de contrôle, soit près d’une berge, soit 
au milieu du cours d’eau quand un pont le traverse et ceci afin 
d’estimer la variabilité temporelle des concentrations en matières en 
suspension (MES). 
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• Echantillonnages de MES en profondeur dans la section de 
mesure du cours d’eau - variabilité spatiale. 
Pour connaître le flux sédimentaire total dans la section jaugée, des 
jaugeages solides sont réalisés régulièrement aux stations du 
réseau. Il s’agit de prélever sur différentes verticales et à différentes 
profondeurs des échantillons pour déterminer la distribution spatiale 
des MES. Cette information, couplée à la mesure de surface 
décadaire des observateurs, permet de calculer les flux 
sédimentaires aux stations hydrologiques.  
Pour obtenir les échantillons ponctuels d’eau et de matière en 
suspension en différents points des sections de rivière étudiées, on 
utilise donc un échantillonneur «ou bouteille à basculement» d’un 
litre, qui est un simple dispositif lesté à une corde métrée que 
l’opérateur envoie à la profondeur voulue. Une fois celle ci atteinte, il 
tire sur la corde pour ouvrir et remplir le flacon de prélèvement. 
L’opérateur renouvelle l’opération à différentes profondeurs et 
distances à la berge. L’embarcation est d’abord mise en dérive en 
amont des verticales afin que lors de l’opération, les prélèvements se 
réalisent bien aux profondeurs voulues en évitant qu’il y ait une 
« flèche » entre la corde de soutient du préleveur et la verticale 
atteinte par GPS. Cette technique rustique, mais néanmoins robuste 
et simple est bien adaptée à des conditions de terrain difficiles.  
Lorsque cela a été possible nous avons utilisé un échantillonneur 
horizontal couplé à un saumon de 25 kg. Un messager permet 
également d’actionner les fermetures de l’échantillonneur.  
Mais ce dispositif est plus encombrant, délicat à mettre en œuvre 
(treuil manuel) et quelque peu dangereux dans des rivières 
« turbulentes ». Dans ces opérations, on essaye d’associer les 
vitesses de l’eau mesurées aux différents points de prélèvements, 
lorsqu’il est possible d’actionner simultanément un courantomètre et 
le préleveur, ce qui est rarement le cas.




Face à ces contraintes de terrain (durée et lourdeur des opérations, 
sécurité, etc.…) les verticales d’échantillonnage des MES sont 
limitées à trois (à 25, 50 et 75% de la distance à la berge sur la 
section de jaugeage), avec trois points par verticale (à 25, 50 et 75% 
de la profondeur de chacune), comme l’indique la figure III :2. 
Cependant, en fonction des caractéristiques plus ou moins régulières 
de la section, on peut effectuer un nombre supérieur de verticales et 
de points par verticale. 
 
 
Figure III.2 : Différents points de prélèvement dans une section de rivière pour 
réaliser un jaugeage solide.
 
L’échantillon d’eau et de sédiment récolté est bien agité puis conservé dans 
un flacon préalablement rincé avec l’eau de la rivière. 
 
• Données géochimiques 
Le deuxième article (soumis) du chapitre suivant (§IV) 
concerne l’«Influence de l’activité volcanique sur la qualité des eaux 
du rio Napo (Bassin amazonien de l’Equateur)» par Bernal et al.,. 
Nous reprenons ici les principales informations de son paragraphe 3 
« Données et protocoles analytiques », tant pour celles géochimiques 
que pour les protocoles d’analyses en laboratoire.














A chaque station d’étude, un échantillon est réalisé chaque mois aux 
stations de l’ORE-Hybam. Les échantillons, prélevés en surface, sont 
filtrés et traités sur place, puis envoyés pour analyses au laboratoire 
du LMTG Toulouse (France). Des mesures physico-chimiques 
(température, pH, conductivité électrique,….) sont également réalisées 
in situ via des appareils portables. 
 
III.1.3. Protocoles d’analyses en laboratoire  
La détermination des MES est réalisée dans chaque pays par les 
laboratoires de l’INAMHI Quito (Equateur) et de l’UNALM Lima (Pérou). 
Les échantillons sont filtrés sur des filtres pré pesés en acétate de cellulose 
(porosité=0,45 μm); ensuite, les filtres sont séchés en étuve à 100°C pendant 
1 à 2 heures, puis passés au dessiccateur, avant d’être pesés. La « quantité 
de MES » des échantillons se détermine par pesée différentielle du filtre 
après séchage et du filtre vide; et la « concentration de MES » s’obtient en 
rapportant la quantité de MES d’un échantillon au volume de l’échantillon. 
 
Au LMTG de l’UPS de Toulouse : 
• les mesures de Ca, Mg, Na, K, Fe, Si, Al, Mn sont effectuées par ICP-
OES, 
• les anions majeurs (F, Cl, NO3, PO4, SO4) sont déterminés par 
chromatographie ionique, 
• les éléments en traces comme V, Co, Sr et Zr sont déterminés par 
ICP-MS.








Pour obtenir des flux de MES, il faut donc effectuer les produits des débits 
par les concentrations en MES notées [MES]. 
Ces [MES] sont prélevées en surface tous les 10 jours et, parallèlement, des 
opérations de jaugeage solide sont effectuées aussi tout au long du cycle 
hydrologique pour établir les relations entre les concentrations de MES 
superficielles et leur moyenne arithmétique dans la section : 
 
Maintenant, pour la détermination des flux de matières en kg.s-1, on associe 
à un jaugeage liquide classique des prélèvements de MES aux différents 
points de mesure des vitesses. 
Sur le même principe que pour un  jaugeage liquide, le flux solide se définit 
alors comme l’intégration des flux solides unitaires suivant la formule : 
 
avec [MESi] = concentration ponctuelle en MES en mg.l-1. 
 
Là encore, le même paragraphe III.2. (Suspended sediment sampling and 
flow calculations) de Laraque et al., (sous presse), expose la méthodologie 
adaptée aux types de rivières étudiées, pour calculer leurs flux sédimentaires 
à différents pas de temps. 
Pour rappel, les débits solides (QS) ou flux de MES sont obtenus par 
l’intermédiaire de la séquence suivante : 
• calcul des [MES] instantanées dans la section : 
par moyenne arithmétique des concentrations des points de chaque 
jaugeage solide, 
• calcul des [MES] décadaires dans la section :
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grâce aux [MES]i des échantillons décadaires de surface corrigées 
par les régressions « [MES]i section = f([MES]surface) », 
 
• calcul des QS à partir des [MES] moyenne dans la section, 
obtenues par les correlations avec les [MES]  de surface :  
 
avec donc : [MES]section = f([MES]surface) vu au point précédent, 
 
Enfin, toujours d’après le paragraphe III du premier article (Laraque et al., 
sous presse) présenté dans le chapitre IV, l’on retiendra que :  
“As the frequency of the discharge daily values for the studied stations is 
higher than those of TSS (10 days), the intermediate TSS concentration were 
calculated by linear interpolation and multiplied by the discharge to obtain the 
suspended load, using the Hydraccess software 
(www.mpl.ird.fr/hybam/outils/hydraccess.htm). 
The monthly and annual sediment flows come from the arithmetic mean of 
corresponding time series. Monthly and annual TSS concentrations are 
calculated by dividing the corresponding suspended sediment load by 
discharges.” 
La concentration moyenne en MES dans les sections aux différents pas de 
temps choisis est donc déduite en appliquant le rapport [MES]moyenne = 
QS/Q. 
L’on exprime couramment les débits solides mensuels en tonnes par jour (t.j-
1), tandis que ceux annuels sont en millions de tonnes par an (x106 t.an-1). 
 
• Flux spécifiques : 
En rapportant ces débits aux surfaces des bassins versant contrôlées 
par les stations hydrométriques, l’on obtient les débits spécifiques 
liquides (Qs en l.s-1.km-2) ou solides (QSs en t.km-2.an-1)  qui 
permettent de comparer entre eux les transferts hydriques et 
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sédimentaires de bassins versant différents.  
 
• Bilans hydrosédimentaires 
Les méthodes précédentes permettent de réaliser des bilans 
hydrologiques et sédimentaires par station et par bassin versant, aux 
pas de temps mensuel et annuel. 
Le bilan comparatif entre les stations amont et aval d’un même bassin, 
permet de déterminer le comportement hydrosédimentaire du bassin 
versant et d’identifier ses zones d’érosion ou de sédimentation ou du 
moins d’évaluer leurs importance relative avec le transport de 
sédiment. Ces importances relatives fluctuent durant le cycle 
hydrologique et aussi durant le temps sur des chroniques 
pluriannuelles, permettant ou non de mettre en évidence des 
tendances. 
 
III.2 PARAMETRES ETUDIES EN GEOMORPHOLOGIE  
La morphologie des principaux rivières du Méga cône du Napo-Pastaza, a 
été examinée grâce aux résultats des Campagnes de Terrain "Napo 2004" 
(Laraque et al.) sous presse, de l'utilisation de modèle numérique de terrain 
et des séquences temporelles des images satellites, photographies 
aériennes et ancien cartes topographiques.  
Tout d'abord, tout ce matériel a été géoréférencées, au même système de 
coordonnées, le Système de Coordonnées Universel Transverse de 
Mercator (UTM par ses sigles en anglais), Zone 18, grâce a l'utilisation du 
logiciel ENVI, 4.2. Les systèmes de coordonnées sont meilleurs que les 
latitudes et longitudes, parce que elles peuvent entraîner de graves 
distorsions de la distance et d'autres propriétés. L'UTM est un système 
communément utilisé dont les coordonnées sont en mètres, ce qui le rend 
facile pour faire des calculs précis de courtes distances entre les points 
(Longley et al. 2001). En plus, tous les systèmes des coordonnées devraient 
utiliser le même système géodésique, connu sous le nom de WGS84 
(Système géodésique Mondiale révision de 1984).
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III.2.1  Matériel Cartographique 
Les caractéristiques morphologiques ont été analysées au cours du dernier 
siècle grâce à l'aide de matériel cartographique comme: des images 
satellites, photographies aériennes et anciennes cartes topographiques.  
Pour le traitement des images satellites, on a utilisé des séquences des 
images, ASTER, Landsat (MSS, TM, ETM+) et CBERS (Satellite des 
Ressources Terrestres du Chine – Brésil) pour l'Amazonie entre Equateur-
Pérou. L'Annexe XX donne une liste des images satellites utilisées dans 
cette étude ainsi que la date correspondant à l'acquisition et leur résolution 
spatiale. Cependant; la couverture temporelle est faible parce que la Zone 
Subandine est souvent couverte par des nuages et, par conséquent, 
l'acquisition des images optiques/IR reste incertaine. 
On a analysé les changements morphométriques et la variation du 
pourcentage de sable. Dans  le premier cas, on a eu besoin de discriminer 
les terres de l'eau libre. Dans ce but; on a utilisé les longueurs d'onde dans le 
proche et moyen infrarouge (740 – 2500 nm; Jensen, 2000). Pendant que, 
pour quantifier la variation de pourcentage de sable, on a classé les images 
satellites à travers de la technique du parallélépipède, à partir de la définition 
de trois catégories homogènes: sable, eau et iles végétalisées. En fin, toutes 
ces données ont été gérées dans un système d'information géographique 
(Arc View 9.1), afin de déterminer les différentes caractéristiques 
morphologiques telles que la sinuosité fluviale, index du tressage et évolution 
des crevasses 
 
III.2.2 Modèle Numérique du Terrain et Campagne de Terrain 
Les profils des rivières Napo et Pastaza ont été extraits de façon différente 
pour chacun. Pour le Rio Pastaza, il a été extrait du modèle numérique de 
terrain de la NASA Shuttle Radar Topographic Mission (SRTM DEM V.3, 
résolution ~90m), grâce à l'utilisation du logiciel TAS, version 2.0.9. 
Toutefois, une interprétation soigneuse du profil a été nécessaire, parce que 
la résolution verticale du DEM ne permet pas l'identification des
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changements à petite échelle (en raison de l'erreur verticale) sans l'utilisation 
complémentaire d'autres techniques. Néanmoins, les grands changements 
de tendance (comme la pente du Río Pastaza) peuvent être analysés à partir 
du SRTM DEM, car il est exempt de la canopée qui peut cacher des détails 
mineurs (Valeriano, 2006).  
Dans le cas du Rio Napo, la construction du profil longitudinal et de la pente 
est le résultat du travail scientifique de terrain dans le Rio Napo en Octobre 
2004, ou les hydrologues ont fait des relevés DGPS le long du dit Rio. Ils ont 
utilisé pour cette enquête, une station de base et des stations cinématiques 
avec des récepteurs Trimble 5700 bifréquence ou des récepteurs ASHTECH 
ZXTREM de qualité comparable aux Trimbles (Bourrel et al, 2007). Cette 
enquête a couvert le Rio Napo, à partir du Puerto Misahualli, dans la Zone  
Subandine, jusqu'à la confluence avec le Rio Marañon. Le Rio Napo parcourt 
une distance de 450 km en territoire Equatorien et 700 km au Pérou, et 
pendant ce parcours 13.500 mesures ont été réalisées avec une précision 
inférieure de 0,5 m et une RMS (par ses sigles en anglais, Root Mean 
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IV.A. Sediment budget of the Napo river, Amazon basin, Ecuador 
and Peru (publié dans Hydrological Processes, 2009) 
 
IV.B. Influence de l'activité volcanique sur la qualité  
des eaux du rio Napo (Bassin Amazonien de l'Equateur)  
 
  







Ce chapitre présente les résultats de l'étude des processus hydro-sédimentologiques 
et géochimiques actuels dans le Rio Napo, un des principaux drains du Méga-cône 
"Napo – Pastaza". Ces résultats sont présentés sous forme de deux articles.  
 
Le premier, publié dans Hydrological Processes (Laraque et al., 2009) présente des 
bilans hydrosédimentaires amont – aval, réalisés pendant quatre cycles 
hydrologiques (2001-2005) le long de Rio Napo. Ils ont permis d'évaluer la variabilité 
spatio-temporelle des processus de transfert de sédiments et de les relier à la 
géodynamique du piedmont andin. Celle-ci a notamment été illustrée par une activité 
volcanique majeure survenue en 2002.  
 
Le deuxième, met justement en évidence l'impact du volcanisme actuel sur la 
composition physico-chimique et les MES (Matières En Suspension) du Rio Napo.  
 
Ces deux approches complémentaires illustrent l'influence actuelle de la 
géodynamique (tectonisme et volcanisme) sur les processus de transfert fluviaux des 
sédiments dans le piémont oriental des Andes équatoriennes. Ils permettront par la 
suite, de mieux comprendre les particularités de la géomorphologie fluviale du méga 
cône du "Napo-Pastaza" (§ V), et son évolution durant le Quaternaire (§ VI).  
 




IV.A SEDIMENT BUDGET OF THE NAPO RIVER, AMAZON BASIN, 
ECUADOR AND PERU 
 
Bilan Sédimentaire du Rio Napo, Bassin Amazonien, Equateur Et Perou 
 
A., Laraque1, C., Bernal2, L., Bourrel2, J., Darrozes2, F., Christophoul2 , E., Armijos, 
P., Fraizy3, R., Pombosa4, J. L., Guyot3 
1 IRD - BP 8006, 97259 Fort de France, France 
2       LMTG (Université de Toulouse, CNRS, IRD, OMP), 14 avenue Edouard Belin, Toulouse, France. 
3 IRD (UR154 LMTG) - Brasilia, Brasil 
4 INAMHI –700 Iñaquito y Correa, Quito, Ecuador  
 





A l’ouest du Bassin Amazonien, sur le piémont andin d'Equateur, le bilan 
sédimentaire a été étudié le long du cours du Rio Napo (100,520 km², 6,300 m3 s-
1). Une étude comparative a été réalisée, comprenant quatre cycles 
hydrologiques (2001-2005) pour 3 stations hydrologiques situées en amont de la 
rivière et pendant un cycle hydrologique pour la quatrième station située près de 
la confluence du Rio Napo avec le Rio Marañón, au Pérou. Les résultats de cette 
analyse montrent une augmentation inhabituelle de la concentration des 
sédiments en suspension (MES) dans la partie occidentale de la plaine 
amazonienne. 
Comme pour les écoulements superficiels (81 l s-1 km2), qui présentent un record 
mondial, les taux de transferts sédimentaires (1,160 t km-² an-1) font également 
partie des plus importants au monde pour une portion de bassin pourtant située 
en plaine. En fait, 47% de l’exportation de MES à la sortie de l’Equateur 
proviennent de phénomènes érosifs qui s’y produisent et qui sont à l’origine de 
cette augmentation de MES. Cette érosion peut être expliquée par l’existence 
d’une pente plus accentuée que dans le reste des plaines amazoniennes situées 
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au pied des contreforts andins, où d’habitude prédominent des phénomènes de 
sédimentation. Des phenomenes similaires ont été evidencés dans des petites 
rivieres montagnards  (Milliman, 1992 and 1995). 
Dans cette région, le soulèvement tectonique est à l'origine de l'existence du 
Méga-cône du Pastaza. Cette situation provoque la diversion du Rio Napo vers le 
nord, et la remobilisation des anciens dépôts fluviaux fins. Ce contrôle tectonique 
est complété par l’impact produit par des éruptions volcaniques, les séismes et 
les glissements de terrain. La combinaison de ces phénomènes récurrents dans 
cette région avec le facteur « temps », a créé un transfert important de 
sédiments. En effet, la présence de différentes terrasses fluviales, souvent 
formées par des résidus de matériaux volcaniques, peut confirmer l’ancienneté 
de ce comportement.  
Les résultats ont étés comparés avec ceux obtenus par une étude similaire 
menée plus au sud dans le bassin du rio Madeira, au pied des Andes 
Boliviennes. Ces études révèlent la variabilité spatio-temporelle de la relation 
existant entre les transferts de sédiments et les processus géodynamiques 
affectant le Piémont Andin. 
 
Mot Clés 
Bassin Amazonien, Bilan Sédimentaire, Tectonique, Méga-cône du Pastaza, 
Andes, Bassin du Napo  




The upstream-downstream sediment budget along the Napo River (100,520 km2, 
6,300 m3 s-1) was studied in the Andean Foothill of Ecuador, at the west of the 
Amazon basin. A comparative study was made, during 4 hydrological cycles 
(2001-2005) for 3 hydrological stations located upstream; and during 1 
hydrological cycle (2004-2005) for the fourth one located near the mouth of the 
Napo River (region of Iquitos in Peru). This analysis showed an unusual increase 
in the concentration of suspended sediment recorded for the western part of the 
Amazon plain. Like the runoff (81 l s-1 km2), which is a world’s maximum, the 
erosion rate (1,160 t km-2 year-1, i.e. 47% of TSS export at the exit of Ecuador), 
one of the highest for a floodplain basin is the result of a stepper slope than in the 
rest of the Andean foothills, where typically sedimentation phenomena are 
predominant, and can be explained in part by a greater tectonic activity. Similar 
phenomenes were evidenced in small mountanious rivers in New Guinea 
(Milliman, 1992 and 1995). 
On the headwaters of the Napo River drainage basin, the tectonic uplift causes 
the Pastaza Megafan's existence. This progressively diverts the course of Napo 
River towards north and also provokes the remobilisation of fine fluvial deposits. 
Moreover, this geodynamic trend is completed by the impact of volcanic eruption, 
earthquakes and landslides. The combination of these phenomena, so common 
in the region, has provided a large sediment transfer, not only at present but also 
in the past, as can be confirmed by the presence of incised terraces, mainly 
formed by volcanic materials.  
Then, these results were compared with a similar study carried out further South 
in the Madeira Basin at the Bolivian Foothills. These studies show the spatio-
temporal variability of the relation between sediment transfer and geodynamic 
processes at the Andean Piedmont. 
 
Key Words : Amazon River basin, Sediment yield, Tectonics, Pastaza Megafan, 
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I INTRODUCTION  
The Amazonian basin (Fig. IV.A.1) the largest on the planet with 6,2.106 km2, 
provides 6,6.1012 m3  of water (Molinier et al., 1996) and 800.106 tons per year of 
sediment to the Atlantic Ocean (Guyot et al., 2005). It represents, respectively, 
16.6 and 6 % of the discharge and sediment planet contribution from the 
continents to the oceans, according to the world values of 39,7 1012 m3 of water 
(Baumgartner et Reichel, 1975) and 13,500 106 tons of sediment (Milliman and 
Meade, 1983). Most of the sediment discharged (95%) to the Atlantic Ocean by the 
Amazon River comes from the Andes Mountains although the range only covers 
12% of the surface area of the Amazon basin.  
On the brazilian side of the Amazonian basin, the sedimentary transport has 
already focused many works (Gibbs, 1967, Meade et al., 1985, Dunne et al., 
1998, Filizola, 2003, Moreira-Turcq et al., 2004, Guyot et al., 2005 and Laraque et 
al., 2005). The sediment transport processes from the rivers draining the western 
part of the amazonian plain located at the Andean Cordillera Piedmont are 
essentially reported in Bolivia at the southwest of the basin. Here, important 
sediment deposits are observed (Guyot et al. 1996), within a geodynamic context 
of subsidence (Horton et De Celles, 2001, Cornelius et al., 2005, Baby et al., in 
press). 
Further north, in the Peruvian and Colombian part of the Amazonian basin, a lack 
of studies of the actual suspended sediment yield is evidenced, due to the 
distancing of these regions, at times of difficult access and /or to their insecurity. 
However some recent works in tectonics, geodynamics and geomorphology have 
been carried out in the eastern ecuadorian and northern peruvian Andes 
piedmont, through some field campaigns and analysis of satellite images. These 
studies point out a tectonic uplift, that started at Neogene, and its consequences 
over the relief and erosion (Burgos et al., 2004, Christophoul et al., 2002a & b, 
Bès de Berc et al., 2005). This tectonic deformation has led to an increase of the 
river's slopes. Consequently, these ones have tended to regain its equilibrium 
profile by increasing their valleys (Bès de Berc, 2003). In fact, a first exploratory 
work of the sediment flux through the Ecuadorian Amazon, during a single 
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al., 2004). The same process was observed more downstream in the Peruvian 
part of Napo basin (Guyot et al., 2007).  
Along different mountain ranges of the planet in general (Hovius, 1998, Leeder et 
al., 1998, Hsieh et Knuepfer, 2001), and in South America in particular, some 
works (Weng et al., 2002, Keefer et al., 2003, Aalto, et al., 2003) have already put 
in evidence the dependance of fluvial transport with climate and tectonic. These 
relations complete those well-known processes of sediment transfer (erosion 
and/or transport and/or sedimentation) with the physiographic characteristics 
(climate, morphology, vegetation, pedologic coverings, geology, land usage, 
drainage network, ….) of mountainside basins, as illustrated by Restrepo et al., 
(2006) in the Magdalena basin in Colombia. Notwithstanding, theses aspect are 
not still studied for the eastern piedmont of the Ecuadorian Andes and its plains, a 
region known for its great geodynamic activity, subject to frequent and continuous 
seismic and volcanic episodes (Yepes et al., 1996) and numerous landslides 
(Zevallos et al., 1993). 
  
In order to resolve this problem, a first multiannual monitoring attempt of the 
sediment flow was carried out on the hydrographic basin of the Napo River which 
drains the eastern piedmont of the Ecuadorian Andes. The data come from the 
HYBAM programme (www.ore-hybam.org), which started in 2001 in Ecuador. 
This work has been organized in the following way: - Part 2, a description of the 
studied region; - Part 3, data and methods used; Part 4, a result-based 
discussion. This last one addresses questions regarding spatio-temporal 
variability that evidenced sediment processes, at the Napo and at the Amazon 
River basins level.  
 
II STUDIED AREA  
Geography 
The whole Napo River drainage basin is situated between 00°10’N and 01°30’S, 
75°20’ and 78°40’W with an altitude ranging from 100 to 6,300 m.a.s.l. Its area 
covers 100,500 km2, distributed among Ecuador (59.6%), Peru (40%) and 
Colombia (0.4%). On these latitude, the ecuadorian part of the Andean Cordillera 
is the narrowest within the Central Andes and presents important geodynamic 
activity (volcanic and seismic). 
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In Ecuador, where this study is more avanced, the Napo basin covers an area of 
27,000 km2, i.e. equivalent to 20% of the eastern part of this country. The 
Ecuadorian part of the Napo basin crosses the "Cordillera Real"; whose eastern 




The Napo River drainage basin includes parts of the Andean Range and the 
Amazonian Basin. On the headwater of the Napo River drainage basin, the 
Eastern Andean Range records metamorphosed Paleozoic to Upper Cretaceous 
formations (Pratt, 2005). This area is crossed by the Andean Northern Volcanic 
Zone and has nine quaternary volcanoes. Four volcanoes are active and one of 
them, El Reventador Volcano, erupted again in 03/11/2002 following 26 years of 
quiescence (Samaniego, 2008).  
On the Amazonian foreland basin the Napo River crosses two units: the 
Subandean Zone and the north Amazonian foreland basin, which are separated 
by the Subandean fault. The Subandean Zone has sustained an uplift and 
tectonic deformation since Neogene (Bès de Berc, 2003), while the Amazonian 
basin preserves a sedimentary stack ranging from Paleozoic to Oligocene, above 
the brazilian shield. 
A large-scale humid tropical alluvial fan with an area of 60,000 km2 is located in 
front of the Andean Range, the Pastaza megafan (Räsänen et al., 1992). The 
course of Napo River get around the northern limit of the “Pastaza Megafan” 
situated between 0°00' and 5°00' S and 73°00' and 78°00' W with an altitude 
between 90-300 m.a.s.l. (Bernal et al., personal communication).  
 
Vegetation covers 
Below 500 m high, at the exit of mountainous reliefs, a fairly flat and 
homogeneous forested ecosystem is found, which can be defined as part of the 
amazonian plains. This ecosystem covers the main part (82%) of the total surface 
of the Napo basin and it is located in Ecuador and Peru. The rest (18%) in 
Ecuador is constituted by the Andean Cordillera closing off the basin on the west 
(Fig. IV.A.1). The andean vegetation covers are composed by “puna” and 
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The whole drainage basin receives 3,200 mm yr-1 of rainfall with a main rainfall 
season between May and June, with a monthly maximum of 330 mm, and a 
second rainfall season between September and November with a monthly 












Figure IV.A.2. Mean annual rainfall regime in the Napo basin (1964-1998). 
 
 
The Ecuadorian Napo region receives high precipitation (2,900 mm.yr-1) and 
presents very irregular runoff regimes, characterized by flash floods, reflecting 
their extreme sensitivity to rain events (Laraque et al., 2007). The same authors 
showed that rainfall and discharge regimes are highly variable in space. They 
depend on altitude so that different regimes may be found in the same basin. At 
high locations, rainfall presents a marked bimode, with a maximum in April and 
October and a minimum in July-August and in January. This rainfall seasonality is 
associated with the annual progress of the sun and with the seasonal variability of 
the zonal wind that uplifts moist air from the Amazon basin. In small to medium 
upper basins, two discharge maxima occur along with the two rainfall maxima. 
However during the July-August period, discharge values do not decrease, 
probably and mainly because of ground water running, of the dominating upper 
SEDIMENT BUDGET OF THE NAPO RIVER, AMAZON BASIN, ECUADOR AND PERU                       
67 
 
highlands "paramo" formation. In the lowlands, rainfall and discharge seasonal 
variability is very weak. Relative maxima are observed in April for rainfall, June for 
discharge; secondary small maxima are observed in October (rainfall) and 
November (discharge). 




Close to 6,000 m.a.s.l. of altitude, the origin of the Napo River is from the thawing 
of glaciers which covers the Cotopaxi (5,897 m.a.s.l.), Antisana (5,700 m.a.s.l.) 
and Llanganates (4,571 m.a.s.l.) volcanoes. Within the first half of the river course 
in ecuadorian territory, the Napo River presents a torrential to turbulent behavior. 
It leaves Ecuador at an altitude of 189 masl and at about 400 km from its 
headwaters, it receives the contribution of the Aguarico River and enters Peru to 
travel 600 km. 
At the river mouth near Bellavista gauging station, the Napo River drains an area 
of 100,520 km2 and presents a mean annual discharge of 6,300 m3 s-1 (that mean 
62 l s-1 km2) which corresponds to 4% of the Amazon River recorded at Obidos, 
an hydrometric station located the furthest downstream in Brazil.  
The Napo River is the main eastern river of Ecuador (Fig. IV.A.1) with an annual 
discharge of 2,210 m3 s-1 at Nuevo Rocafuerte station on the outlet of this 
country. Its area is 26,860 km2, with a river discharge equal to 82 l s-1 km2. In 
Ecuador, the Napo River drains almost 3% of the whole Amazonian catchment. 
The Napo is a «white water» river type. Typically, these rivers have high levels of 
total suspended sediments, due to the mechanical erosion of the Andean chain. 
In fact, according to Guyot (2007), the sediment transport's Napo River is 
estimated at 49 106 ton year-1, which corresponds to 6% of the sediment flow 
passing through Obidos station in Bresil.  
 
III METHODS AND DATA 
To understand the sediment dynamic at the Andean Piedmont of the Napo River 
basin, an integrated approach using hydrology and geomorphology was used.  
The hydrology was studied through out the implementation of hydrologic and 
sedimentologic measuring stations, along the course of the Napo River, which 
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drift off perpendicularly to the Andes to penetrate the Amazonian plains. Then, a 
comparative upstream-downstream study of sediment budgets was performed 
using the collected data. 
Figure IV.A.1 shows the location of the stations used on the main node of this 
schematic fluvial system. San Sebastian (SEB) and Francisco de Orellana 
stations (FDO) control the output of the Andes, and Nuevo Rocafuerte station 
(ROC) closes the basin at the outlet from Ecuador. In Peru, Santa Clotilde (CLO) 
is located after the confluence with Curaray River and, finally, Bellavista station 
(BEL) controls the whole basin (Table 1). Besides, a scientific cruise along 1000 
km of Napo River course, during the falling stage (October, 2004), has enabled 
the study of the longitudal evolution of the TSS discharges, concentrations and 
flows (Fraizy et al., 2005). 
The geomorphology was studied through out the longitudinal profile and the 
spatial variations of percentage in sand, water and vegetated island. The 
construction of longitudinal profile and stream slope is another result of the field 
scientific crossing along the Napo River on October 2004. We used for this DGPS 
survey, a base station and cinematic station with bifrequencies AShtech ZXTREM 
and Trimble 5700 receptors (Bourrel et al., 2007). This survey covered the Napo 
River from Puerto Misahualli, in the Subandean Zone, to the confluence with the 
Marañon River along 1100 km (Fig. IV.A.3), 13500 measurements were realized 
with an elevation accuracy smaller than 0.5 m and a mean RMS (Root Mean 


































































































































































































































































































































































































































































































































































































































































































Spatial variations of percentage in sand, water and vegetated island was 
evaluated using Landsat images (TM and ETM+, spatial resolution 30 m) of 1986, 
1989, 1995, 1996 and 2002. They were collected during the falling stage on the 
reach between FDO and ROC stations. The limitations of satellite coverage 
required us to divide the segment FDO - ROC in two reaches (ROC-X / X-FDO, 
Fig. IV.A.4), with X near Pañacocha town. Both set of images were studied for the 
same months to point out and quantify the sand islands changes in term of 
sedimentary supply. To quantify these variations of percentage on the Napo 
River, we classified satellite images through the parallelepiped threshold. In order 
to do that, three homogenous classes, taking into account spectral signature, 
























































Figure IV.A.4. Percentage of water, sand and vegetated island on the Napo River at the 
FDO-ROC reach. This reach was divided in two ROC-X / X-FDO (X : 0° 26' 39.15'' S; 76° 













III.1.    WATER LEVEL AND DISCHARGE MEASUREMENTS 
In the gauging stations studied, the observers carried out daily or twice a day 
limnimetric measurements. Frequent gaugings were carried out along five 
hydrological cycles using a 1,200 kHz ADCP (Acoustic Doppler Current Profiler) 
to establish gauging curves. 
 
III.2.    SUSPENDED SEDIMENT SAMPLING AND FLOW CALCULATIONS 
At the three Ecuadorian stations water surface samples were taken in the middle of 
the river by an observer, every 10 days since 2001. The samples were filtered 
using 0.45 μm cellulose acetate filters to separate the TSS. Laraque et al., (2004), 
Cerón and Laraque (2007) studied the relations between these surface TSS 
concentrations and the average of TSS concentrations in the cross section. As 
described by Filizola & Guyot, (2004), we used a point sampling protocol to 
determinate the TSS concentrations in different points of the cross sections. This 
was made at different stages during several complete annual hydrological cycles. 
Figure IV.A.5 shows the established relation for SEB and FDO stations, located at 
the exit of the Andean Piedmont. The calculated mean TSS concentrations in 
these stations are only 5% higher than those TSS concentrations taken by the 
observers at the surface. This is due to the weak heterogeneities of velocities and 
specific TSS concentrations within the measured profiles, which illustrate much 
more turbulent flows marked by numerous swirls, assuring a continuous mixing of 
particles in suspension. Further downstream in the Amazonian basin near the 
ROC station, the river sections become much more heterogeneous with profiles 
characterized by higher gradients of velocity and TSS concentration (Filizola, 
2003, Laraque et al., 2005). 
On the Napo River drainage basin, during the hydrologic cycles the peaks of TSS 
concentrations precede flood peaks at times, overlapping them or occurring 
afterwards (Cerón and Laraque, 2007) due to the common flash floods. However 
in the middle of the Amazonian plains, the shift of flood and TSS peaks is larger, 
and the latter precedes the flood at times for many months, like in Obidos station, 
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the more important one of the Amazon River (Laraque et al., 2005). This 
observation invalidates the use of relations (TSS = f(Q)) to calculate sediment 
discharge. To overcome this obstacle, a frequency of 10-days samplings, much 
more adapted to the behaviour of these rivers, has been implemented. Such a 
frequency, applied over many hydrologic cycles, enables the obtaining of more 
accurate calculation of the TSS yields. 
 
 
Figure IV.A.5. Relation between superficial and mean TSS concentration in the section 
(in mg l-1) at the 3 gauging station studied (ROC = Nuevo Rocafuerte St., SEB = San 
Sebastian St., FDO = Francisco de Orellana St.). 
 
As the frequency of the discharge daily values for the studied stations is higher 
than those of TSS (10 days), the intermediate TSS concentration were calculated 
by linear interpolation and multiplied by the discharge to obtain the suspended 
load, using the Hydraccess software 
(www.mpl.ird.fr/hybam/outils/hydraccess.htm). 
The monthly and annual sediment flows come from the arithmetic mean of 
corresponding time series. Monthly and annual TSS concentrations are 
calculated by dividing the corresponding suspended sediment load by discharges. 
The 4 annual April-March cycles of the 2001–2005 period studied in Ecuadorian 
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station), were used to compare the stations budget from upstream to downstream 
Napo River. The results are presented in tables 2 and 3.  
 
IV. RESULTS & DISCUSSION 
IV.1. TEMPORAL VARIABILITY OF SUSPENDED SEDIMENT 
CONCENTRATION 
For the studied stations of the Napo basin, the monthly hydrograms are slightly 
bimodal with a main period of high waters (from February to September) finishing 
between May and July, and a short second season of floods during, in general, 
from mid-November to January.  
Table 2 shows the range of variation of discharges, TSS concentrations and flows 
studied, at daily, ten-days and monthly time spans throughout the entire group of 
stations during the studied period. The 10-day instantaneous TSS concentrations 
vary between 2 and 2,806 mg l-1 according to the station and season. As much as 
for the extreme values as for the mean ones, those of SEB are the highest of the 
four studied stations. Regarding the reports of the extreme concentrations for 
each station, those at ROC and at SEB are identical for the max/min ratios (281). 
This ratio reports along with the one at FDO (478) are much more superior to that 
of BEL (11). The higher ratios of the three first stations are due to their weak 
minimal TSS concentrations in low water periods, between 2 and 10 mg l-1, which 
are common in mountainous rivers. The extreme daily discharges ratios, which 
are smaller than those of TSS concentrations, are in a diminishing order equal to 
13 (FDO), 10 (BEL), 7 (SEB) and 5 (ROC). At a monthly time span, these 
extreme ratios are slightly reduced. 
The two annual cycles from april 2001 to march 2002 and from april 2004 to 
march 2005 are similar with important increase (around 50%) of upstream-
downstream TSS concentrations and suspended sediment load (Table 3). On the 
other hand, the two other cycles from april 2002 to march 2003 and from april 
2003 to march 2004 show a weaker increase of upstream-downstream TSS 
concentrations (10 to 30%) and suspended sediment load.  
Figure IV.A.6a shows the monthly variability of the upstream-downstream 
suspended sediment load in the ecuadorian part of the Napo basin (ROC-SEB-
FDO) during the 2001-2005 period studied. It shows the important temporal 
variations marked essentially by two irregular erosion phases (April, 2001-
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October, 2002 and May, 2003-April, 2005) alternated with two sedimentation 
phases of weaker amplitudes (November, 2002-April, 2003, and May, 2005-
September, 2005). 
 
    SEB FDO ROC BEL 
Daily Discharge Mean 345 1,134 2,207 6,265 
(m3 s-1) Max 724 5,055 5,087 12,360 
 Min 103 381 954 1,285 
 Max / Min 7 13 5 10 
  Values number 1,765 1,793 1,801 789 
Monthly Discharge Mean 344 1,140 2,217 6,267 
(m3 s-1) Max 502 2,020 3,499 11,090 
 Min 202 523 1,043 1,426 
 Max / Min 2 4 3 8 
  Values number 58 58 58 25 
10 day TSS Mean 431 161 218 125 
concentration 
(mg l-1) Max 2,806 956 1,403 341 
 Min 10 2 5 32 
 Max / Min 281 478 281 11 
  Values number 167 175 165 76 
Monthly TSS 
concentration Mean 467 190 291 235 
(mg l-1) Max 1,766 728 912 348 
 Min 37 37 69 139 
 Max / Min 48 20 13 3 
  Values number 56 57 56 19 
Daily TSS load Mean 14,235 19,982 58,861 133,395 
(ton d-1) Max 116,330 355,510 551,590 424,410 
 Min 168 229 3,385 36,086 
 Max / Min 694 1,552 163 12 
  Values number 1,751 1,773 1,739 618 
Monthly TSS load Mean 14,607 20,146 59,332 132,762 
(ton d-1) Max 63,447 83,259 244,780 246,440 
 Min 639 2,059 6,222 48,476 
 Max / Min 99 40 39 5 
  Values number 56 57 56 19 
 
 
Table 2. Interannual Values : minimum, mean and maximum of daily and monthly 
discharge (m3 s-1), 10 days and monthly TSS concentration (mg l-1), daily and 
monthly TSS load (Ton d-1), at the gauging stations studied. 
(ROC = Nuevo Rocafuerte St., SEB = San Sebastian St.,  
FDO = Francisco de Orellana St., BEL = Bellavista St.) 






Figure IV.A.6. a) Monthly budget downstream (ROC) - upstream (SEB+FDO) of TSS 
fluxes at ROC for the studied period; 
             b) Monthly budget downstream (BEL) - upstream (ROC) of TSS fluxes at 
BEL for the common studied period; 
            legend : TSS histogram in 103 ton d-1 (positive values = erosion process, negative 
values = sedimentation process); monthly discharge curve (Q) in m3 s-1; 
abscissas in month-year. 
(ROC = Nuevo Rocafuerte St., SEB = San Sebastian St., FDO = Francisco de 
Orellana St., BEL = Bellavista St.). 
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suspended sediment load in the peruvian part of the Napo basin (BEL-ROC) 
during the common July 2004 - september 2005 period studied. This positive 
budget probably comes from the two main tributaries: the Aguarico (11 000 km2) 
and Curaray rivers (28 500 km2), but unfortunately they are poorly studied and 
we have only few punctual data. On the left bank, at the north part of the Napo 
basin, the Aguarico River drains in its upstream reach, the Andean cordillera. On 
the right bank, the Curaray River drains a vast ancient alluvial plains in uplift 
process, which originates the Pastaza Megafan. 
 
IV.2.    SPATIAL VARIABILITY OF ACTUAL SEDIMENT TRANSFERS 
During the studied period, the Andean part of the Napo basin controlled by FDO 
and SEB stations, produced an interannual mean of 12 106 ton year-1of TSS, but 
a total of 22.6 106 ton year-1 left the Ecuadorian Napo Basin downstream at ROC 
(Table 3). The area between these stations covers 9,150 km2 and provided a net 
gain difference of 10.6 106 t year-1 of TSS. This amount corresponds to 47% of 
the Napo River sediment load at ROC. Also, the specific sediment yield from the 
lower part of the basin is about 1,160 t km-2 year-1. This upstream-downstream 
increase of suspended sediment yield stems from an increase of Q and TSS 
concentrations. These variations seem very high, considering there are almost no 
uplands in this intermediary area, which is protected by a dense forest cover. 
If on one hand, the interannual budgets of the studied period indicate a sediment 
production (erosion) of 10.6 106 ton yr-1 for the Andean Piedmont located between 
SEB+FDO and ROC, on the other hand, the annual budgets are very variable, 
with erosion ratios which are consecutively in the following order 16, 5, 6.6 et 14.5 
106 ton yr-1 for the 4 annual cycles studied. 
The interannual erosion rate (TSS in t km-2 yr-1) corresponds to the discharge or 
sediment load normalized for the drainage area. These are the only units which 
enable the comparison among them of the basin transport dynamics, whether it is 
due to erosion or sedimentation. Although the Coca basin has the lowest specific 
discharge (66 l s-1 km2) of the sub basins studied in Ecuador, and the smallest 
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the maximum specific sediment rate (1,062 t km-2 year-1), twice the Napo basin at 
FDO (515 t km-2 year-1), and the interannual suspended sediment yield are similar 
at the two stations. This result stems from the high TSS concentrations of SEB 
(505 mg l-1), near three times the value of FDO (179 mg l-1) (Tables 1 & 3).  
Such a difference encountered in a specific sediment yield between these two 
rivers can be explained from their longitudinal profile. The Coca River rises in the 
eastern flanks of Reventador volcano, and flows for 209 km on the Subandean 
with a steepest slope of 38.8 cm km-1. The Napo River is 1,075 km long, ranging 
301 m in altitude (404–103 m above sea level) from Puerto Misahualli, in the 
Subandean, toward the confluence with Marañón River, with a strong variation of 
its slope (Fig. IV.A.3). Notwithstanding, upstream crossing the foothills of the 
Subandean Zone, both rivers profile (Coca & Napo river) are very steep and 
characterized by a strong slope ranging from 1.7 m km-1 to 35 cm km-1. The 
difference begins at FDO, when the Coca River debouches into Napo River, and 
the last one shows a pronounced break in the profile that marks the beginning of 
Amazonian basin with a drop in the mean slope of 35 cm km-1 (Table 1). This 
slope stays roughly constant for the first 300 km in a transition area between FDO 
and ROC, even if some slope breaks can be observed due to the transverse 
profiles for navigation channel optimisation (Fig. IV.A.3). Likewise, this slope is 
more than 10 times higher than in the rest of the Amazon basin, and therefore it 
promotes a water velocity that is strong enough to create a rectilinear course 
(Sinuosity index : 1.1) of the Napo River as it leaves the Andes (Fig. IV.A.1). The 
increase in velocity results in an increase in the erosive and transport capacity of 
the river (Table 3). This sedimentary remobilization is applied on fluvial deposits 
essentially constituted by fine sand particles like shown by the d50 (0,2 to 0,5 
mm) of the Hybam Napo'04 field trip (Fraizy et al., 2005). These values are lower 
that those measured by Guyot et al., (1999), on the Andean outlet (d50 ~30 mm) 
and on the very flat plain “Llanos” (d50 ~11 mm) area in Madeira drainage basin 
in Bolivian Amazonia. Consequently, in the plains, the value for specific erosion is 
1,7 highest than in the mountains (1,160 against 678 t km-2 year-1). 
These observations were also confirmed by the results of the scientific field trip 
along the Napo River, which took place during the falling stage of October, 2004 
(Table 4 and Fig. IV.A.1). In Ecuador, the TSS concentrations and suspended 
sediment load increased upstream-downstream respectively from 45  




mg l-1 and 991 ton d-1 at FDO (equivalent to 2,4 t km-2 month-1) and from 33 mg l-1 
and 1778 ton d-1 at SEB (equivalent to 10,25 t km-2 month-1), to 132 mg l-1 and 
13,800 ton d-1 at ROC (equivalent to 15,67 t km-2 month -1). For the whole 
controlled area by SEB and FDO station, we obtain 4,75 t km-2 month-1 of TSS. 
The suspended sediment load gained 11,031 ton d-1 (equivalent to 43,25 t km-2 
month-1) between these three stations, is always due to the remobilization of old 
alluvial deposits of the Napo River. This phenomenon's river basin is so relevant 
in this area considering the weaker TSS concentrations observed in its main 
tributaries (33.2 mg l-1 for the Coca River and 24.3 mg l-1 for the Tiputini River), 
which in reality might have been diluted in the Napo River waters. 
But, since a flood was occurring during the field trip, it is necessary to study with 
caution the measured values. It could be the reason for the relatively high SM 
concentration of 199 mg l-1. The suspended sediment load gained 61, 550 ton d-1 
between BEL-ROC, steam mainly from the increasing of SM concentration during 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The next reach of Napo profile, between BEL and ROC (Fig. IV.A.3), are 
characterized by a general diminishing in the mean slope (11 cm km-1), which is 
three time smaller that the one at ROC-FDO section. Nonetheless, we obtain 
always the same conclusions about a mean positive sediment budget 
encountered during an entire yearly cycle (Fig. IV.A.6b). It amounts to 19.8 t day-1 
of TSS, coming from a stream of 540 km long which drained an area of 73,660 
km2 (73.3 % of the total basin area). These values correspond to a specific 
discharge of 64.8 l s-1 km2 and a specific solid discharge of 268 t km-2 year-1. The 
fluxes sediment contribution of this intermediate area (BEL-ROC) corresponds to 
42.5% of the Napo River sediment load at BEL (table 3). This contribution is more 
related to the high annual discharge of this zone (4,777 m3 s-1 or 68.5% of BEL 
annual discharge) than to its weaker mean SM concentration (13 mg l-1, usual 
feature value in the central Amazonian plain). 
As we noted in § IV I, after leaving Ecuador, the Napo River receives the 
contribution of two important tributaries in terms of discharges and TSS, the 
Aguarico and Curaray rivers. For example, during the scientific field trip of october 
2004 (Tab. 4), each one of them presented a discharge of about 800 m3 s-1 that 
correspond both to 36% of Napo River discharge at BEL, with respectively 110 
and 60 mg l-1 of TSS. The Curaray catchment and the rest of the drained area of 
the Napo River in Peru correspond to a relatively flat area covered with rain 
forest. The other little tributaries totalised less that 500 m3 s-1 or 12% of Napo 
River at BEL, with weak TSS concentrations (17 to 78 mg l-1). 
These considerations prove that the sediment load which exit the Ecuador 
country at ROC are totally transported to the mouth of the river near BEL with an 
increase due to the input coming essentially from the two main tributaries, the 
Aguarico and rivers. The Curaray River can present relatively hight TSS 
concentrations. On june 2002, at the border between Ecuador and Peru at an 
altitud of 200 masl (similar with the one of ROC), Laraque et al., (2002) measured 
a discharge of about 800 m3 s-1 for about 200 mg l-1 of TSS during a flood in 
Pavacachy town on the Curaray River. These values are similar with the annual 
mean ones encoutered on the Napo River at FDO at 260 masl and correspond to 
TSS fluxes of 13,800 ton d-1. 
 




Finally, in the last 100 km, until its confluence with Marañón River, the Napo flows 
with a weak slope close to 10 cm km-1 (Fig. IV.A.3), and no erosional power.  
 
IV.3. IMPACT OF VOLCANISM AND GEODYNAMIC ON TSS 
To better illustrate the lack of interannual reproductivity of the observed sediment 
transport dynamic, cumulative curves of monthly TSS concentration, discharge 
and suspended sediment load have been analysed (Fig. IV.A.7a, b & c). Within a 
stable basin, the accumulation of suspended sediment load are similar from one 
year to the next and regularly increases with some cyclic changes corresponding 
to alternations of wet and dry seasons (Laraque et al., 1995), like is the case in 
FDO basin (Fig. IV.A.7b). In SEB (Fig. IV.A.7a) basin, contrary to the discharges, 
the TSS accumulations show a sharp rise from November, 2002, affecting ROC 
station located downstream (Fig. IV.A.7c). This slight drop returns to normality 6 
months later in May, 2003 (Fig. IV.A.7a). This abnormality may be explained due 
to the El Reventador volcano eruption located in the upstream part of the Coca 
basin. In fact, on 11/03/2002 the volcano expulsed in a few hours an ash cloud of 
15 km of height estimated at 200 million tons of material (Eissen and Le Pennec, 
2002). Studies made on dissolved elements from the Coca River to SEB, 
Gondran (2004) and Bernal et al., (2007) show that El Reventador ash leaching 
might have lasted many months. It was increased by the glowing ash clouds and 
post - eruptive lahars, which are frequent in that wet and sloping region. 
The latter might be the origin of the succession of the 3 important peaks of TSS to 
SEB in 2003, which do not always correspond to the strong floods (Fig. IV.A.8a, b 
& c). On the contrary of those taking place in May 2001 and in May 2004, which 
have also provoked curve jolts shown in Figure IV.A.7a, correspond to relatively 
important floods. It is quite likely that a great part of the volcanic material carried 
by the Coca River was deposited downstream from the SEB, an area marked by 
the rupture of the Andean – Piedmont river slope. Downstream, a number of 
sandbanks begin to appear and become more frequent along the entire Napo 




































Figure IV.A.7. Cumulative (Cum.) curve of Q (in m3 s-1 - circle) and TSS fluxes (in 103 ton 
d-1 - triangle) during the period studied at a) SEB (San Sebastian St.), b) FDO 
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Thus, the main erosion process in the downstream basin of the Ecuadorian 
mountainside temporarily inverted itself in 2003 under the effect of a major and 
isolated volcanic activity. It then returned to « normality » with a restart of the 
erosion process showed by an upstream – downstream increase of TSS 
concentrations.  
The hypothesis of an unstable basin, where the sediment budget is disturbed due 
to catastrophic events, like earthquakes, volcanic eruptions and related eruptions 
events, is supported by the satellite image analyses (Fig. IV.A.9), which allows 
evaluating the variation percentage of sand on the Napo River. In these areas, 
the Napo River has only one channel but with the presence of multiple moveable 
sand bars. In the reach FDO-X (Fig. IV.A.4), which is closer to foothills, it is 
characterized by roughly constant percentages in sand, water and vegetated 
islands, during the 3 years analysed (1995, 1996, and 2002); with a slight 
tendency to decline in the sand (drop of 5%, Fig. IV.A.9). This fact suggests the 
presence of an erosion process in the nearest Amazonian plain. The reach X-
ROC (Fig. IV.A.4) is characterized by a stronger variation of the percentages in 
sand, water and vegetation for the 3 years studied (1986, 1989, and 2002; Fig. 
IV.A.9). In the case of the sand, for example, in 1986 the river has an average of 
15%, after three years it almost doubled the sand amount (27%), and finally after 
13 years the percentage diminishes to half (8%). This variability in the sediment 
supply from the watershed can be explained by active tectonics and seismicity 
characteristics of the zone, which in march 1987 provoked two major earthquakes 
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Figure IV.A.9. Spatial variation of percentage in sand, water and vegetated island for two 
reach: FDO-X and X-ROC (see Fig. IV.A.3) 
(ROC = Nuevo Rocafuerte St., FDO = Francisco de Orellana St.). 
 
one of the most catastrophic landslides of the 20th century – worldwide 
(Schuster, 1996). About 600 mm of rain fell in the region in the months preceding 
the earthquakes (Crespo et al., 1987), and thus land sliding mainly in saturated, 
residual soils on steep slopes. The slope failures commonly started as thin slides, 
which rapidly turned into debris avalanches and debris flow that flowed down the 
slopes into the tributaries and on into major rivers (Schuster, 1996). Estimates of 
the total volume of earthquake-induced mass wastage ranged from 75-110 million 
m3 (Crespo et al., 1987; Okusa et al., 1989). 
The important geodynamic activity of this part of the Andes, marked by an 
exceptional density of volcanoes, is directly affected by the tectonic slip of the 
Nazca Plate under the South American Continent, which caused an uplift of the 
Eastern Andean foreland. In Napo basin, according to Christophoul et al., (2002a 
& b), this previous process has shown an effect in the eastern side of the 
Ecuadorian Cordillera (at the Miocene-Pliocene limite), by the uplift of ancient 
alluvial plains originating the Pastaza Megafan. This is evidenced geomorphically, 
by river incisions and presence of old elevated fluvial terraces upstream FDO, 
dating from the Neocene period (Burgos et al., 2004, Bès de Berc et al., 2005).  
The courses of Napo had then progressively deviated towards the northern 
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border. The influence of that morphologic structure and the relatively high slope 
for a drainage of alluvial plain formations, is the cause for the regular tracking and 
little meandering of Napo at the entrance of the Amazonian plains. This maintains 
once again an important hydraulic dynamic.  
The observation of the variability of sediment transfer process confirms the 
preliminary interpretations of Laraque et al., (2004) announcing an erosive 
process in the region of the Andes which present the most important tectonical 
dynamic characterized by intensive volcanic and seismic activity.  
 
IV.4. REGIONAL COMPARISONS  
The results found on the Peruvian Napo basin were unexpected because its 
slope indice (11 cm km-1) is similar to the one encountered at the foot of the 
Bolivian Andes (slope of 8 cm km-1). In this last region, the river (Ex. of 
Beni/Mamoré River) meanders with low water velocity through an area 
undergoing subsidence, where they deposit of more that half of their suspended 
sediment load (Guyot, 1993, Guyot, et al., 1996, Baby et al., in press). From the 
analysis of the 210Pb activity of sedimentary cores, Aalto, et al., (2003) evaluated 
a rate of sedimentation at 100 Mt.yr-1 in the floodplains of Beni foreland basin 
which covers around 70,000 km2.  
More downstream, in central depression of the Amazon basin in Brazil, Laraque 
et al., (2005), quantifies important sedimentation processes of 0.4 106 t km-2 yr-1 
in a region where the fluvial slope varies between 3 and 0.3 cm km-1. The nature 
of these processes was already shown by Meade et al., (1985) and Dunne et al., 
(1998), and illustrates fluvial transport marked by cyclic storage and 




This paper based on collected field data and geomorphological interpretation, 
enables the proposal of a current sediment transport model for the Andean 
Piedmont and plains of the Napo basin in Ecuador and Peru. The sediment 
transfer along the river axis of the Napo River have been studied and quantified: 
in Ecuadorian part of the Napo basin during four hydrologic cycles from 2001 to 
2005; in its Peruvian part during one hydrologic cycle from 2004 to 2005; and 
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during a field scientific trip in October 2004. Regarding the annual budget, erosion 
processes dominate, with an important year-to-year variability. For the 4 studied 
cycles in Ecuadorian part, they are 16, 5, 6.6 et 14.5 106 ton yr-1, and 19.8 ton yr-1 
for the only one cycle studied in Peruvian part. These values show that during the 
studied period, approximately 47% of the TSS flux exited from the ecuadorian 
basin of Napo stemming from the erosion of andean foreland (1,160 t km-2 year-1) 
located between FDO+SEB and ROC station.  
Then, the Napo River enters the flat Amazon Plain where a transport process of 
TSS dominated, increase by the input coming essentialy from the two tributary of 
Aguarico and Curaray River. The last one tributary drains the Pastaza Megafan.  
A discussion based on the comparing of these results with the geomorphologic 
and geodynamic characteristics of this Andean region, enables us to understand 
the origin and variability of the mass transfer processes. In the amazonian plain of 
Ecuador, the basin presents a relatively high slope (35 cm km-1). It is made up of  
 
very fine fluvial sediments. Taking in consideration the active and current uplift of 
the western foreland belt of the Amazon plain, these results confirm those other 
studies on geodynamics (conducted over a longer period). Since the end of 
Neogene and during Quaternary period, under the influence of the Andes uplifts, 
the foreland basin has presented erosion processes of the old sediments, which 
were deposited at a time when the slopes were less steep. Further downstream in 
the peruvian part of the Napo Basin, the index slope diminish significantly (10-20 
cm km-1) between ROC and BEL and the sediment contribution of the 
intermediated drained area corresponds to 42.5% of the Napo River sediment 
load at BEL. Here the sediment budget stays always high, with an excess of 19.8 
106 ton yr-1 for the only one year studied. This positive budget probably comes 
from the two main tributaries of Aguarico and Curaray River, unfortunately poorly 
studied, and maybe also from the continuity of an erosion and/or transport 
process of TSS. The figure IV.A.10 present a Source/Transfer diagram of 
sediment along the Napo river, which summarize the main erosion processes on 
the Napo river basin. 
The opposite condition has been observed further South in the Madeira foreland 
basin (Guyot et al., 1996), where half of the sediment suspended load of the 
Beni/Mamoré River settles between the Andean Piedmont of Bolivia and the 
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Brazilian border. This basin presents a weaker slope of 8 cm km-1 in a region still 
marked by an active flexural subsidence. Further east, in the Central Amazon 
Flood Plain in Brazil, sedimentary processes are also observed with weaker 
slopes (3 to 0.3 cm km-1, Laraque et al., 2005). 
The combination of geodynamic phenomena (tectonism, volcanoes, earthquakes 
and landslides) common in this region, favours large sediment transfers, not only 
at present but also in the past. This is confirmed by the presence of incised 
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IV.B. INFLUENCE DE L'ACTIVITE VOLCANIQUE SUR LA QUALITE DES 
EAUX DU RIO NAPO (BASSIN AMAZONIEN DE L'EQUATEUR) 
Bernal1, C., Laraque2, A., Herredia3, E., Guyot4, J.L,  Gondran, R. 
1       LMTG (Université de Toulouse, CNRS, IRD, OMP), 14 avenue Edouard Belin, Toulouse, France. 
2 IRD - BP 8006, 97259 Fort de France, France 
3 ex INAMHI –700 Iñaquito y Correa, Quito, Ecuador  





De nombreuses études ont permis d’évaluer l'influence de l'activité volcanique 
sur l'environnement, soit sur les eaux superficielles (eaux de pluies ou de sources 
volcaniques) soit sur le sol ou la faune (Parnell & Burker, 1990; Dorova & Milner, 
1999; Aiuppa et al., 2001; Martin-del Pozo et al., 2002; Cronin et al., 2003). Dans 
le cas des cours d'eaux, les retombées de cendres peuvent provoquer à court 
terme, des changements physiques et chimiques de sa qualité (Klein, 1981; 
Parnell & Burker, 1990; Hopson, 1991; Dorova & Milner, 1999; Flaathen & 
Gislason, 2007). Le plus souvent, ces changements correspondent à une 
augmentation de la turbidité et à une diminution du pH, alors que les effets sur le 
transport des sédiments et la morphologie du système fluvial peuvent durer des 
années ou même des décennies (Major, 2003; Manville et al, 2005).  
Durant l’éruption, dans la colonne éruptive l'interaction entre les particules de 
cendre et les constituants volatils du panache volcanique forme des particules de 
sels liées à la surface des cendres (Smith et al., 1983). Ces particules sont très 
solubles et se dissolvent rapidement lorsqu'elles sont exposées aux eaux de 
surface, libérant des métaux et des protons liés à ces sels (Frogner et al., 2001). 
Ces sels métalliques sont généralement des fluorures, chlorures et sulfates. 
Plusieurs auteurs (McKnight et al., 1981; Smith et al., 1983; Armienta et al., 1998; 
Witham et al., 2005, entre autres) ont étudié ces composants solubles à partir de 
l'étude expérimentale des lessivats de cendres volcaniques. La plupart de ces 
études mettent en évidence la présence d'éléments chimiques (As, Cl, F, Fe, Hg, 
Pb, SO42− et Se) dangereux pour l'environnement et la santé. 
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Le Rio Napo est une des principales rivières drainant le Méga-cône du Pastaza, 
le plus grand cône de piémont tropical d'après Räsänen (1992), Bès de Berc 
(2005), Burgos (2006) et son bassin hydrographique s'étend sur une partie de la 
Cordillère des Andes et du bassin Amazonien. A l'amont, dans son bassin de 
drainage, (figure IV.B.1) on trouve huit volcans quaternaires dont trois d'entre eux 
avec une activité historique : le Reventador, le Cayambe et l'Antisana. Malgré 
l’importante présence de volcans dans le secteur, jusqu'à présent, aucune étude 
n’a été menée pour déterminer l'influence des phénomènes volcaniques, dans 
ces cours d'eau du haut Amazone. Aussi, la très récente éruption du volcan 
Reventador en novembre 2002 a fourni une opportunité unique pour étudier 
précisément l'impact des éruptions sur la qualité des eaux. Son impact spatio-
temporel sur les eaux du Rio Napo a pu être évalué selon deux approches: 
i) un suivi hydrologique et géochimique des eaux du Rio Napo effectué 
grâce à une collaboration IRD/INAMHI dans le cadre du programme 
HYBAM puis à compter de 2003 dans celui de l’observatoire ORE/Hybam 
(www.ore-hybam.org). Cette surveillance est obtenue par des mesures 
journalières (côte), décadaires (MES) et mensuelles (géochimie), 
ii) une analyse des données sur des lessivats de cendres existants.  
 
2 PRESENTATION DE LA REGION ETUDIEE 
 
2.1 Cadre Géologique 
 
Le volcan Reventador est l'un des volcans les plus actifs de l'Equateur (Fig. 
IV.B.1). Il est situé sur le flanc est de sa Cordillère Orientale, (0° 04' 39" S et 
77°39'21" W) où il culmine à une altitude de 3 562 m. Ses principaux drains 
confluent vers le Rio Coca, un des principaux tributaires du Rio Napo. Le 
Reventador est un stratovolcan andésitique dont l'activité historique inventorie 16 
éruptions entre 1541 à 2001 AD. Ces éruptions ont été caractérisées par des 
coulées de lave et des nuées pyroclastiques, des glissements de terrains et des 































































































































































































































































































































































• L'éruption de 2002 
Après 26 années d’inactivité, le volcan Reventador situé à l’amont du bassin 
versant du Napo (NE Equateur), est entré en éruption le 3 novembre 2002 avec 
un événement explosif violent et de courte durée (Hall et al., 2004). L'éruption 
atteint sa phase paroxysmale les 3 – 4 novembre avec la génération de coulées 
pyroclastiques andésitiques et des colonnes de vapeur et de cendres. Toutefois, 
après l'effondrement de ces colonnes éruptives, les vents ont dispersé des 
nuages de cendres vers l'ouest, jusqu'aux îles Galápagos, et vers le nord-est, 
jusqu'au sud de la Colombie, nord du Pérou et nord-ouest du Brésil 
(http://www.ssd.noaa.gov/VAAC/ARCH02/archive.html#REVE). Après cette 
phase explosive, l'activité volcanique s'est poursuivie de novembre à décembre, 
avec l'émission de deux coulées de lave lors d'une phase effusive (Molina et al., 
2004). 
L'activité du volcan a diminué en 2003, et s’est limitée à de petites, mais 
constantes émissions de gaz. On peut aussi mentionner une série de 
phénomènes secondaires comme le déclenchement de lahars qui ont été formés 
pendant les jours de fortes pluies dans la région (Molina et al., 2004). A partir de 
Novembre 2004, le volcan Reventador a repris son activité éruptive avec 
l'émission de 5 coulées de lave et continue à ce jour, avec des alternances de 
périodes d’activités majeures ou mineures. 
 
2.2 Pluviométrie et Hydrosédimentologie 
• Pluviométrie 
Le bassin du Rio Napo (Fig. IV.B.1) est localisé dans la région la plus humide de 
celui de l’Amazone, où l'on rencontre un maximum interannuel de 6 200 mm à la 
station du Reventador située à 1150 m a.s.l. (Laraque et al., 2007; Espinoza, et al., 
2008). Dans le bassin du Napo, Laraque et al. (2007) a décrit l'existence de 
nombreux régimes pluviométriques très contrastés. La figure IV.B.2 montre le 





















Figure IV.B.2.  Plusieurs régimes pluviométriques dans le bassin du Napo. Période d’étude 
1964 –2005. ZAT = Zatzayacu St., ARC = Archidona St., N ROC = Nuevo Rocafuerte St., 
PAP = Papallacta St. 
 
 
Tableau IV.B .1. Stations pluviométriques de référence et ses caractéristiques: altitude, 
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Par exemple, la station de Papallacta = PAP (Fig. IV.B.2), située dans les Andes à 
3150 m d'altitude, présente un régime unimodal, dont le maximum de précipitations 
en Juillet est un peu décalé comparé à ceux des autres stations situées sur le 
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piémont subandin et au-dessous de 700 m. Ces dernières sont plutôt caractérisées 
par un régime bimodal avec deux maximums, l’un en mai-Juin et l’autre entre 
septembre et Novembre. Cette variabilité spatiale est liée à la diminution des 
précipitations avec l'altitude (Ronchail & Gallaire, 2006; Laraque et al., 2007; 
Espinoza et al., 2008; entre autres) et à la position des stations (i.e. station 
Papallacta), au vent, ou sous le vent (Espinoza et al., 2008). 
 
• Hydrologie 
Le bassin de drainage du Rio Napo s'étend sur 100 520 km2 (Fig. IV.B.1), avec un 
débit moyen interannuel de 6 300 m3 s-1. Dans les stations d’altitude le régime 
hydrologique est unimodal avec un maximum en Juin-Juillet et un minimum en 
Décembre-Janvier, alors que pour celles plus basses, ce premier pic a tendance à 
être suivi par un autre beaucoup plus modeste en Octobre-Novembre. Cependant 
l'analyse journalière des débits, montre qu’ils sont très irréguliers, caractérisés par 
des crues flash, reflet de la sensibilité extrême de la région aux pluies (Laraque et 
al., 2007), comme l'illustre la figure IV.B.3.  
 
• Qualité de l'eau 
Dans le bassin équatorien du Napo, au cours des cycles hydrologiques, les pics de 
concentrations de matériel en suspension (MES) précédent les pics de crue, parfois, 
se chevauchent ou les succèdent (Laraque et al., 2099), comme l'illustre les courbes 
de la figure IV.B.3. Cependant, au milieu de la plaine amazonienne brésilienne, le 
décalage entre pics des crues et des MES est plus grand, et dans certains cas peut 
atteindre quelques mois (Laraque et al., 2005).  
L’analyse de la typologie géochimique des eaux du Napo à la station de Nuevo 
Rocafuerte = ROC (Fig. IV.B.1) montre que les faciès dominants sont bicarbonatés 
calciques, avec une forte dépendance des apports du Rio Coca (Bernal et al., 2007). 
Une étude de la qualité des eaux du bassin du Napo (Walsh, 2001) montre que les 
ruisseaux qui drainent le cratère actif du Reventador ont une composition anormale, 






















Figure IV.B.3.  Débit (Q en m3 s-1) et matériel en suspension (MES en mg l-1) journaliers 
pour le Rio Napo à la station Nuevo Rocafuerte. Période d’étude janvier –novembre 2004. 
 
3 DONNEES ET PROTOCOLES ANALYTIQUES 
Nous étudierons plus particulièrement la période d'août 2002 à juillet 2003, 
contemporaine des épisodes éruptifs majeurs qui ont dernièrement affectés le volcan 
El Reventador, afin de mettre en évidence leurs impacts sur les variations des 
concentrations des différents paramètres analysés. 
L'interprétation des processus mis en œuvre pendant l'éruption du Reventador en 
Novembre 2002 est basée sur le croisement de deux sources de données : 
• les lessivats de cendres provenant de l'éruption de novembre 2002, 
• les données physico-chimiques de l'eau du Rio Napo. 
 
3.1 Données de lessivat de cendres 
Les données des lessivats de cendre sont le résultat de l'étude de Gondran (2004) 
portant sur "L'impact de l'éruption du Reventador sur la chimie de la phase dissoute 
du Rio Coca". Trois techniques d'analyse ont été utilisées : pour les éléments 
majeurs, les anions ont été dosés par chromatographie ionique; alors que les cations 
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déterminée par ICP-MS au Laboratoire de Mécanique du Transfert en Géologie 
(LMTG) de l'Université Paul Sabatier (UPS) à Toulouse. 
 
3.2 Données d’échantillons d'eau du Rio Napo 
La qualité de l'eau a été étudiée avec les données des stations hydro-
sédimentologiques (projet HYBAM – www.hybam-ore.org). Les échantillons ont été 
prélevés presque tous les 10 jours à partir de janvier 2001. Ces stations sont placées 
le long du cours du Rio Napo, qui draine perpendiculairement la cordillère des Andes 
et l’entrée occidentale de la plaine Amazonienne. La figure IV.B.1 montre 
l'emplacement des stations dans le bassin hydrographique du Rio Napo. Les stations 
San Sebastian (SEB) et Ilocullin (ILO) contrôlent les eaux qui sortent de la Cordillère 
des Andes, et la station Nuevo Rocafuerte (ROC) ferme le bassin à la sortie de 
l'Equateur. D'un coté, la station SEB contrôle le sous-bassin du Rio Coca (affluent du 
Napo, Fig. IV.B.1) où se trouve le volcan Reventador en activité; pendant que la 
station ILO contrôle un autre sous-bassin amont du Rio Napo, exempt de volcans en 
activité.  
3.3 PROTOCOLES ANALYTIQUES 
3.3.1 Données sédimentaires in situ 
A toutes les stations du réseau de l’ORE HYBAM ainsi que sur le réseau 
complémentaire des stations de référence, les observateurs des services nationaux 
prélèvent un échantillon de surface décadaire (tous les 10 jours) pour estimer la 
variabilité temporelle des concentrations en matières en suspension (MES).  
La détermination des MES est réalisée dans chaque pays par les laboratoires de 
l’INAMHI Quito (Equateur) et de l’UNALM Lima (Pérou). 
Les échantillons sont filtrés sur des filtres pré pesés en acétate de cellulose 
(porosité=0,45 μm); ensuite, les filtres sont séchés en étuve à 100°C pendant 1 à 2 
heures, puis passés au dessiccateur, avant d’être pesés. 
 
3.3.2 Données géochimiques 
Un échantillon est réalisé chaque mois aux stations de l’ORE. Les échantillons, 
prélevés en surface, sont filtrés et traités sur place, puis envoyés pour analyse au 
laboratoire du LMTG Toulouse (France) :  
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• les mesures de Ca, Mg, Na, K, Fe, Si, Al, Mn sont effectuées par ICP-OES, 
• les anions majeurs (F, Cl, NO3, PO4, SO4) sont déterminés par 
chromatographie ionique, 
• les éléments en traces comme V, Co, Sr et Zr sont déterminés par ICP-MS. 
 
4. RESULTATS ET DISCUSSION  
4.1 Composition du lessivat  
Gondran (2004), a étudié la composition générale du lessivat de cendres tombées 
pendant l'éruption du volcan Reventador de novembre 2002, grâce à trois 
échantillons de cendres. Les espèces prédominantes de particules de sel liées à leur 
surface sont, de manière décroissante : SO42-, Ca2+, Cl-, Na+, K + et Mg2+ (Fig. 
IV.B.4). Les valeurs des concentrations des éléments majeurs et traces sont 
présentées dans le tableau 4. A partir de ces résultats, l’on pouvait s'attendre à un 
impact majeur sur la qualité de l'eau, affectant notamment les concentrations de 














Figure IV.B.4. Concentrations des éléments majeurs dans les trois lessivats de cendres 




















Tableau IV.B.2. Concentrations des éléments majeurs et traces dans les lessivats de 
cendres de l'épisode éruptif de novembre 2002 du volcan Reventador 
(issu de Gondran, 2004) 
 
4.2 Echantillons d'eau du rio Napo 
En fonction de la direction de déplacement des nuages de dispersion des cendres et 
de leur position géographique dans le bassin du Rio Napo, les stations étudiées 
présentent différents comportements durant l'épisode éruptif du volcan Reventador. 
Les paragraphes suivants détaillent la réponse de chaque station en fonction des 
variations du matériel en suspension et de la chimie de la phase dissoute des eaux 
des cours d'eau concernés. 
 
• Station San Sebastian (SEB) 
Le volcan Reventador est localisé dans la partie amont du sous bassin versant du 
Rio Coca, qui est contrôlé par la station de SEB (5 270 km2, débit moyen interannuel 
de 350 m3 s-1). Les graphiques de données mensuelles de MES (Fig. IV.B.5) 
montrent 5 pics principaux, dont deux (juin 2001 et juin 2004) sont directement 
corrélés aux pics de débit et de pluie. Cependant les trois pics (novembre 2001, et 
février, mars 2003) sont indépendants de la pluie et des débits, et ont été corrélés 







 LEA 1 (ppm) LEA2 (ppm) LEA3 (ppm) 
SO42- 1356.07 1732.90 2124.84 
Ca2+ 674.20 794.67 1065.18 
Cl- 607.21 583.64 593.30 
Na+ 168.08 162.06 164.06 
Mg2+ 65.97 75.56 76.31 
K+ 36.28 34.37 34.10 
V 50.57 67.96 82.10 
Co 67.84 66.89 69.99 
Sr 5.85 6.19 6.51 
Zr 0.12 0.15 0.22 

















Figure IV.B.5. Concentrations mensuelles de matières en suspension (MES en mg l-1), 
débit (Q en m3 s-1) et pluviométrie (PLV en mm) à la station de San Sebastian - Rio Coca. 
Légende: étoile = date d'éruption; carré rouge en tiret = sous-période d'analyse détaillée 
en figure IV.B.6). Période d’étude 01/12/2000 – 01/06/2005. 
 
Une analyse journalière entre août 2002 et juin 2003 montre plus précisément 
l'évolution des MES (Fig. IV.B.6) en référence à la chronologie de l'éruption (voir 
§ 2.1). On peut remarquer que le premier pic est en phase avec l'arrivée des 
premiers véritables lahars (Eissen, communication personnelle), et correspond à 
des concentrations d'environ 1 370 mg l-1, soit trois fois celle moyenne avant 
l'éruption (~ 427 mg l-1). Après ce pic, Laraque et al., (2004) montre que les 4 
suivant sont corrélés avec l'éruption (Fig. IV.B.6). A partir du 10 octobre 2002, 
Les concentrations des éléments majeurs, SO42-, Ca2+ et Cl-, dans l'eau  
augmentent régulièrement, jusqu'à leurs maximums survenus entre les 9 et 13 
novembre (Fig. IV.B.6). Celles-ci coïncident avec le premier maximum en MES, et 
avec l'arrivée du lahar. Ainsi, la chimie de l'eau de la station Coca a été affectée, 
pendant deux mois, principalement par la libération de sels provenant du lessivat 
des premiers lahars, et en moindre quantité par les sels libérés par les cendres 
volcaniques de l'éruption du 3/11/2002. Après le pic de MES du 09/12/02, les 
concentrations ioniques ne semblent pas être affectées par les nouvelles arrivées 
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de lahars, ce qui signifie que les sels ont été déjà entièrement lessivés des 
cendres et qu’aucune explosion importante n’a été notée durant cette 

















Figure IV.B.6. Concentrations journalières de matériel en suspension (MES mg l-1) et 
des principaux ions (SO42-, Ca2+ et Cl-) à la station de San Sebastian - Rio Coca, avant (3 
mois), pendant et après (7 mois) l'éruption du 3/11/2002, représentée par l'étoile. 
Période d’étude 01/08/2002 – 06/07/2003. 
 
 
Comme mentionné dans le § 2.2, l'analyse du rapport entre Cl- et  SO42-, dans 
l'eau de SEB (Fig. IV.B.7), montre une étroite corrélation qui suggère une 
influence importante des eaux thermales issues du Reventador, dans la 
composition globale des eaux du Rio Coca.  
Beaucoup de sources volcaniques montrent des changements dans leur 
composition chimique avant les éruptions (Giggenbach dans Martin del Pozzo, 
2002). Dans notre cas, le début de l’activité volcanique de novembre 2002 a été 
marqué par l'augmentation de la concentration des ions de SO42-, Ca2+ et Cl- 
environ 1 mois avant le début de l'éruption (Fig. IV.B.6). En conséquence, il  




semble que les changements de la composition chimique des eaux Rio Coca 















Figure IV.B.7. Rapports SO42-/Cl- et leurs corrélations linéaires pour les différentes stations 
(SEB = San Sebastian, ILO = Ilocullin, ROC = Nuevo Rocafuerte). 
Période d’étude 01/05/2000 – 01/12/2005. 
 
 
La figure IV.B.8 permet de comparer le rapport SO42-/Cl-, pour les trois 
échantillons de cendres avec les valeurs moyennes obtenues à la station de San 
Sebastian, avant (SEBavt), pendant (SEBpdt) et après (SEBapr) l'éruption de 
novembre 2002, tant pour les échantillons d’eau du rio Coca que pour les 
lessivats de cendres. Pour les premiers, ce rapport atteint un minimum pendant 
l'éruption qui est voisin de la valeur des cendres. Cela confirme l'impact de 






















Figure IV.B.8. Rapport SO42-/Cl- pour les échantillons d'eau du Rio Coca à la station de San 
Sebastian, avant (SEBavt), pendant (SEBpdt) et après (SEBapr) l'éruption de novembre 
2002 et pour les trois échantillons de cendre analysés, LEA1,  LEA2, LEA3
(tiré de Gondran, 2004). 
 
• Station Ilocullin (ILO) 
L'amont du bassin du Rio Napo est contrôlé par la station ILO (11 256 km2, débit 
moyen, 275 m3 s-1). Ce sous-bassin ne possède aucun volcan en activité sur la 
période étudiée et les nuages de cendres de l'éruption du Reventador de 2002 n'y 
ont pas été entrainés.  
Le graphique de données mensuelles de MES (Fig. IV.B.9) fourni 2 informations 
importantes :  
i. le pic de Mai 2004 est directement corrélé à ceux de débit et de pluie. Ceci 
peut être interprété comme le résultat d'une forte érosion des sols due aux fortes 
précipitations, 
ii. l'événement éruptif de novembre 2002 n'a pas été enregistré sur la courbe de 
MES (Fig. IV.B.9) en raison de la direction du vent. Ses courants dominants vers 



























Figure IV.B.9. Concentrations mensuelles de matériel en suspension (MES en mg l-1), débit 
(Q en m3s-1) et pluviométrie (PLV en mm) à la station d'Ilocullin, haut Rio Napo. Légende: 
étoile = date d'éruption. Période d'étude de janvier 2000 à décembre 2004. 
 
La figure IV.B.10 présente les concentrations mensuelles des principaux ions SO42-, Ca2+ 
et Cl- dans l'eau de la station Ilocullin (ILO). Ces dernières ne réagissent pas à 
l'événement éruptif. Pourtant, le pic de MES de Mai 2004 (Fig. IV.B.9) est bien 
accompagné de pics de concentrations en Ca2+ et SO42-, tandis que les 
concentrations en Cl- restent constantes. Ainsi, les pics de MES et de concentrations 
en Ca2+ et SO42- peuvent avoir leurs origines dans la forte érosion physico-chimique 

























Figure IV.B.10. Concentrations mensuelles des principaux ions de SO42-, Ca2+ et Cl- dans 
l'eau de la station Ilocullin (ILO). Période d’étude 16/06/2000 – 04/12/2005. 
 
• Station Nuevo Rocafuerte (ROC) 
La station Nuevo Rocafuerte (ROC) contrôle le bassin du Rio Napo à la frontière 
Équateur / Pérou avec un débit moyen de 2 210 m3 s-1, issu d'une superficie de 26 
860 km2. 
Au cours de la phase paroxysmale de l'éruption du Reventador (03-04/11/2002), une 
partie des nuages de cendres ont voyagé vers l’Est, recouvrant le bassin du Rio 
Napo même en aval de la station ROC (voir § 2.1); mais aucun pic, dans les MES ou 
dans les concentrations des ions analysés (Fig. IV.B.11 & 12), signent ce 
phénomène volcanique. Pourtant ROC est à l’exutoire des bassins amont, comme 
celui de Coca, et les signaux MES et/ou de concentrations ioniques auraient du être 
influencés par ce phénomène éruptif. Afin d'obtenir une résolution temporelle plus 
fine, il a été nécessaire de tenir compte des relevés journaliers entre août 2002 et 
juillet 2007. On peut ainsi constater sur le diagramme de la figure IV.B.13, qu'aucun 
pic n'est corrélé à l'événement du 03/11/2002 ou avec l'arrivée des lahars. 
Cependant, un mois après le paroxysme on observe une légère augmentation des 
concentrations des ions Ca2+ et Cl- et une diminution prononcée dans les
 


















Figure IV.B.11. Concentrations mensuelles de matériel en suspension (MES en mg l-1), débit 
(Q en m3 s-1) et pluviométrie (PLV en mm) à la station de ROC. 














Figure IV.B.12. Concentrations mensuelles des principaux ions de SO42-, Ca2+ et Cl- en mg l-
1 dans l'eau à la station ROC. Période d’étude 01/05/2000 – 01/12/2005. 


















Figure IV.B.13. Concentrations journalières en  mg l-1 du matériel en suspension (MES) et 
des principaux ions (SO42-, Ca2+ et Cl-) dans le Rio Napo –station ROC-avant (3 mois), 
pendant et après l'éruption (7 mois) l'éruption de 3/11/2002. Période d’étude 01/08/2002– 
06/07/2003. Légende: étoile = date d'éruption; 
cercle rouge en tiret: période d'instabilité. 
 
concentrations en SO42- et en MES. Cette dernière valeur est l'une des plus basses 
valeurs enregistrées durant la période Mars/2001 à Novembre/2003. Ceci montre 
que les effets de l'éruption ont été enregistrés à ROC seulement un mois après 
l’éruption. 
On peut l'expliquer de la manière suivante : l’arrivée brusque d’une grande quantité 
de sédiments dans le Rio Napo en provenance du Rio Coca a dépassé la capacité 
de transport du Rio Napo et a provoqué une sédimentation importante au niveau de 
SEB. Cette dernière a soustrait une grande quantité de MES au Rio Napo et a évité 
une augmentation de sa concentration à ROC. Cependant, le comportement différent 
des concentrations en Ca2+, Cl- et SO42-, suggère, à long terme, une cinétique 
différente de libération des sels dans les lessivats. 
Les deux principaux pics de MES de mai/2001 et mai/2004 à SEB (Fig. IV.B.11), 
sont en correspondance avec ceux d’ILO. Les comportements 
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hydrosédimentologiques de ces 2 stations situés au pied des Andes, reflètent les 
sommes de tous les événements enregistrés à l'amont, qui ensuite, se répercutent à 
l'aval à ROC. 
 
5 CONCLUSION 
Le résultat d'environ 5 années (2000-2005) de surveillance journalière (d’où viennent 
donc ces analyses journalières ?? – qui les a prélevées et analysées ??) de la 
composition des eaux du Rio Napo (depuis ses sous bassins andins du haut Rio 
Napo et Rio Coca, jusqu’à sa sortie d’Equateur) illustre la réponse de cette rivière à 
l’activité volcanique récente de l'éruption du volcan Reventador de novembre 2002.  
L’impact de l’éruption sur le matériel en suspension dans les différentes stations 
étudiées, ILO – SEB – ROC, dépend de leurs localisations géographiques. Ainsi, la 
seule station qui a enregistré clairement l'éruption est SEB, qui reçoit directement 
non seulement les chutes de cendres, mais aussi les lahars, dont l’influence s’est 
poursuivie jusqu'à 6 mois après l’éruption. Par contre en raison de la direction du 
vent, avec les courants dominants vers l'ouest, très peu de cendres sont tombé sur le 
haut Napo (station ILO) et aucun lahar n'a été enregistré durant la période d'étude, 
ce qui fait que l'événement éruptif est passé inaperçu. A l'aval de SEB, à la station 
de ROC, les effets de l'éruption ont été enregistrés un mois après l'éruption. Cette 
situation suggère qu'après des événements géologiques extrêmes (éruptions, etc.) 
une quantité importante de sédiments est déposée dans le lit du Napo, suite à la 
perte de sa capacité de transport, ce qui génère un stockage dans le lit mineur,  sous 
forme de barres de sable. Le même phénomène a été souligné par Laraque et al., 
2009, qui montre qu'après le séisme de 1987, il y a eu une importante croissance de 
bancs de sable dans le lit mineur. Par la suite et dans les deux cas, la rivière a été 
capable de transporter par remobilisation, les sédiments alluviaux disponibles, ce qui 
a conduit à une augmentation des MES à l'aval. 
D’autres pics de MES, à ILO et ROC (05/2004 - 05/2001) sont directement reliés à 
des pics de débits et de pluies, et suggèrent que les pluies intenses ont généré une 
forte érosion des sols. 
Les mêmes espèces qui prédominent dans les lessivats (SO42-, Ca2+ et Cl-) dominent 
également dans les échantillons d'eau des rivières, échantillonnées durant l'éruption 
de 2002. De plus, la similitude dans les ratios SO42-/ Cl-, dans ces échantillons d'eau 
et les lessivats implique que la lixiviation des cendres dans les lahars est le 
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processus qui a influencé la composition chimique de l'eau de la rivière en 
novembre-décembre 2002. On a ainsi suivi l'influence de l’éruption sur la chimie de 
l'eau au travers des fluctuations des concentrations ioniques de Ca2+, SO42=, Cl-, et 
des emplacements géographiques des différentes stations étudiées : ILO – SEB – 
ROC. 
Ainsi les changements géochimiques des eaux du Rio Coca à SEB, se produisent de 
trois manières différentes, soit par : 
i. le lessivage direct des retombées de cendres, avec libération des sels liés à 
leur surface. Ce phénomène serait probablement de courte durée (Klein, 1981 
et 1984; Smith et al, 1983; Bonelli dans Hopson 1991), 
ii. le lessivage des cendres présentes dans les lahars (Fig. IV.B.6), durant 
environ deux mois, 
iii. l'influence des eaux des sources thermales en provenance des tributaires 
issus du volcan Reventador. 
A la station ILO, il n’y pas de lien entre l’activité éruptive du Reventador et la qualité 
de l’eau. Il semble que la raison principale soit la direction de dispersion des nuages 
chargés de cendres vers l’ouest, sous l'influence des courants atmosphériques, 
normalement orientés vers le NW. 
Enfin à la station ROC, l’influence de l’activité éruptive sur la qualité de l’eau n’est 
pas très claire, suite à sa position bien plus en aval et à l’opposé des vents 
dominants. De plus, cette station subie l'influence d'un plus grand nombre de 
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MORPHOLOGIE ACTUELLE DU RIO PASTAZA 
 
V.A. Channel Pattern along the Río Pastaza  
(Ecuador and Northern Peru) 
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Les deux grandes rivières du Méga - Cône du "Napo – Pastaza" (Rios Pastaza et Napo) sont 
caractérisées par une géodynamique particulièrement très active à l'amont, qui fait qu'elles 
soient affectées par des apports sédimentaires inattendus. Dans le chapitre précédent nous 
avons montré l'influence de phénomènes géodynamiques, comme le volcanisme ou même 
les séismes et glissements de terrains, sur les flux de matières transportées et la qualité de 
l'eau du Rio Napo. 
Ce chapitre examine en détail la morphologie du Río Pastaza afin de caractériser la variation 
du style fluvial le long d'une rivière tropicale humide ainsi que les facteurs qui contrôlent son 
évolution, soit géodynamique ou intrinsèque au système fluvial lui-même. Cela permettra de 
savoir si les perturbations hydro-sédimentaires enregistrées suite à des phénomènes 
géodynamiques ont aussi une réponse géomorphologique. 
Cette étude est présentée sous forme de trois articles dont 1 est accepté et 2 seront soumis 
prochainement. Chaque article essaie de répondre aux questions suivantes :  
a) pourquoi la rivière change t'elle brusquement de direction et de style fluvial (soumis à 
Geomorphology);  
b) quelles sont les facteurs qui déterminent la stabilité ou l'instabilité du Rio Pastaza et le 
poussent vers l'avulsion (Sous Presse au Journal of South American Earth Sciences);  
c) et finalement comment agissent les différents phénomènes géodynamiques sur la 
formation géomorphologique du Rio Pastaza (accepté dans International Journal of Earth 
Sciences).  
On a supposé que les changements dans le Rio Pastaza sont très dynamiques, présentant 
une évolution rapide durant de courtes périodes; et que la principale mécanique de 
construction de la plaine d'inondation est l'avulsion. La morphologie du Río Pastaza a été 
examinée grâce à l'utilisation d'un modèle numérique de terrain (DEM V.3, résolution ~90m), 
à des séquences temporelles d’images satellites, et à des photographies aériennes et 
d’anciennes cartes topographiques. Ces informations ont été analysées avec l'utilisation d'un 
Système d'Information Géographique (Arc View 9.1). 
 
 




V.A Style Fluvial le long du cours du Rio Pastaza 
(Equateur et Nord Pérou) 
 
RESUME 
L'objet de cette étude est le Rio Pastaza, qui naît dans la partie occidentale de la 
cordillère équatorienne (à partir de la confluence entre les rivières Patate et Chambo) 
et se jette dans le Río Marañón en Amazonie péruvienne. Au fil de son cours (~ 431 
km) les conditions géologiques, géomorphologiques, climatiques et hydrologiques, 
du Rio Pastaza, changent radicalement. 
 
Ces conditions particulières font que le style fluvial peut avoir différentes causes 
selon le contexte de chaque zone. Ainsi, ses changements semblent être contrôlés 
par : 
1) en amont, son passage autour de structures tectoniques actives, et 
2) en aval, l'influence tectonique qui diminue et les facteurs qui contrôlent le style 
fluvial qui sont plus en corrélation avec la lithologie, la faible pente et les processus 
d'aggradation. D'ailleurs, la configuration de la plaine d'inondation du Rio Pastaza 
montre un système anastomosé, qui a été formé par des processus d'avulsion. Ces 
processus ont eu lieu dans la région depuis le Plio-Quaternaire et leurs traces 
renforcent l'idée d'un mouvement vers l'ouest du Rio Pastaza 
MOT CLES 
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ABSTRACT 
The object of this study is the Rio Pastaza, which rises in the western Ecuadorian 
Cordillera (from de confluence of Patate and Chambo rivers) and flows into the Río 
Marañón in Peruvian Amazonia. Over Río Pastaza's route (~ 431 km), the geologic, 
geomorphologic and hydro climatic conditions change dramatically along the river 
course. These particular conditions mean that phenomenon like channel pattern 
could have different causes depending on the setup of every area. The changes in 
channel pattern appear to be controlled 1) upstream by its passage around active 
tectonic structures, and 2) downstream, where tectonic influence diminishes and 
factors controlling channel pattern are more correlated with the lithology, low slope 
and aggradation processes. Besides, the configuration of the Rio Pastaza's 
floodplain shows an anastomosed system, which was formed by full avulsion 
processes. These processes occurred in the area since the Plio-Quaternary and their 
trace reinforces the idea of the main western shift of the Rio Pastaza. 
 
KEYWORDS 
Channel pattern, Amazonian basin, Rio Pastaza. 
 





Fluvial systems provide vital evidence for geomorphic evolution because they are 
extremely sensitive to climatic and tectonic changes (Ethridge et al., 1998; Leier et 
al., 2005). They are, therefore, ideally suited for investigating the interactions 
between these changes. A valid approach to understanding fluvial systems is to 
study changing channel pattern, as they can provide information on the river's history 
and behaviour (Schumm, 1985). Traditionally, channel patterns e.g. (meandering, 
braided, straight and anastomosed) have been discriminated by means of 
sedimentary processes and in-channel characteristic, such as slope, discharge, 
sinuosity, braiding index, number of channels, and location and type of bars (e.g. 
Leopold & Wolman, 1957; Friend et al., 1993; Bridge, 2003). However, a 
discrimination scheme would be incomplete if it does not consider external control 
variables, such as rate of tectonic movement, climate, or change in base level 
(Ethridge et al.,1998; Bridge, 2003), as any perturbation in these variables could 
directly or indirectly alter the channel pattern (Holbrook & Schumm, 1999; Bridge, 
2003) through channel movement (vertical and/or horizontal).  
The present work focuses on Río Pastaza (Amazonia of Ecuador and northern Peru), 
which is a tropical humid river that drains one of the largest tropical alluvial megafans 
in the world (Räsänen et al., 1990), the Pastaza Megafan. It has been suggested that 
humid tropical rivers may not fit well with existing geomorphic models due to strong 
seasonality of discharge (Gupta & Dutt, 1989). Indeed in large basins, tropical rivers 
exhibit a transition from one channel pattern to another so that traditional definitions 
of straight, meandering and braided may be difficult to apply (Latrubesse, 2005). 
Bearing in mind that the knowledge base of the tropical rivers is still limited, the aim 
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2 GENERAL CONTEXT 
2.1 Geologic and Geomorphic Settings 
Ecuador can be structurally divided into three morpho-tectonics units (Fig. V.A.1) 
which are, from west to east, the Coastal Block, the Andean Range (composed of 
Western Cordillera, Interandean Depression and Eastern Cordillera), and the 
Amazonian foreland basin (composed of Subandean Zone and North Amazon 
foreland basin).  
The Río Pastaza has its headwater in the Andean Range and flow transverse to this 
structure across the Amazonian Basin. In the Andean Range, the Western Cordillera 
and Interandean Depression record the deposition of Upper Cretaceous to 
Quaternary volcanic formations (Reynaud et al., 1999), whereas the Eastern 
Cordillera records metamorphosed Paleozoic to Upper Cretaceous formations (Pratt, 
2005). Twelve quaternary volcanoes are located in the Río Pastaza drainage basin. 
Two of them, Tungurahua (5020 masl) and Sangay (5230 masl), are currently active.  
In the Amazonian foreland basin, the Subandean Zone consists of the Abitagua 
Granite and two west-dipping thrust-related antiforms (Napo antiform to the north and 
Cutucu antiform to the south). The Subandean Zone is separated from the North 
Amazonian foreland basin by the Subandean Front (Fig. V.A.1). The western part of 
the Amazonian basin is gently deformed by thrusts propagating from this Subandean 
Front, such as the Bobonaza Thrust and the thrust-related anticline of Cangaime. 
Moreover, the Amazonian basin preserves, above the brazilian shield, a sedimentary 
stack ranging from Paleozoic to Oligocene. Fluvial aggradation started in the 
Amazonian foreland around 22 Ma with sediments derived from the west (Roddaz, 
2005). This sedimentation corresponds to the deposits of the Pastaza megafan. The 
migration of the megafan apex has been controlled by thrust fault development (Bès 
de Berc, 2005). Toward the southeast, in the Marañón-Pastaza sub-basin (Peruvian 
Amazon), this megafan has been defined as a volcanic depositional system of 
Pleistocene - Holocene age (Zapata et al., 1998). This system has been affected by 
the presence of an elongated, flat-topped topographic high striking N 130° 
northwest/southeast, known as the Iquitos Arch (Räsänen et al., 1992; Räsänen et 
al., 1990) which corresponds to a Miocene forebulge of the Andean Cordillera 
(Roddaz et al., 2005). 




2.2 Morphology of the Rio Pastaza and the Pastaza megafan 
The first studies dealing with the Pastaza megafan were led by Räsänen in 1992, 
who defined the presence of a large-scale humid tropical alluvial fan with an area of 
60,000 km2 in front of the Andean Cordillera. This megafan is drained by the Río 
Pastaza (Räsänen, 1992, Bès de Berc, 2005, Burgos, 2006), which is a humid 
tropical river that rises on the Western Cordillera at the joint of the Chambo and 
Patate rivers and travels across the Andean Range and the Amazonian basin until it 
debouches into the Marañón River (Fig. V.A.1).  
The main geomorphic marker of the area is the Puyo Plateau/Villano Surface (Mesa 
of Mera in Baldock, 1982; Mera surface in Bès de Berc et al., 2005 (Fig. V.A.2). It 
consists of a flat or gently eastward-dipping surface that is dissected by the recently 
superimposed drainage. The Puyo Plateau / Villano Surface formed during the Last 
Glacial Maximum (LGM, ~ 20 000yrs BP, Bès de Berc et al., 2005) on top of fluvial 
and coarse volcanic sediments of the Pleistocene Mera Formation. Morphologically, it 
corresponds to an erosional glacis (pediment) resulting from the abatement of rainfall 
during the LGM and changes of the main transport and sedimentation processes and 
predominantly: soil creeping and sheetflood rather than fluvial transport (Bès de Berc 
et al., 2005). 
The Pastaza megafan itself is roughly triangular and represents a topographic high 
within the Amazonian basin. This differs from most of the distributive areas of the 
Amazonian lowlands, such as the Rio Beni plain of Bolivia (Dumont, 1996), but is 
very similar to the megafans of Bolivia (Horton & De Celles, 2001). 
Through the Andean Range, the tributaries of the Río Pastaza exhibit a trellis 
drainage pattern locally disturbed by the superimposed radial drainage of the 
numerous volcanoes of the area. The Río Pastaza crosses the Eastern Cordillera 
through of a strongly incised valley (Fig. V.A.3). It, then, crosses the Subandean 
Zone where it exhibits several 90° curves. When it debouches into the Amazonian 
plain its slope decreases gradually downstream (Fig. V.A.1), defining a gentle 



































































































































































































































































































































































































Figure V.A.2. DEM showing topography the Subandean Zone of Ecuador and the Amazonian 
plain. In pink: Puyo plateau (to the west) and villano surface (more dissected, eastern part of 
the DEM), in blue and purple: terraces incising the Puyo plateau and villano surface  









Figure V.A.3. The  Pastaza River in its deeply incised reach crossing the Eastern Cordillera 
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2.3 Climatic Context 
We established the rainfall and hydrologic regimes of the drainage basin of the Río 
Pastaza by data from three pluviometric and two hydrometric stations (Fig. V.A.4) 
over the period 1917-2005. Tables 1 & 2 show general information (database, data 
period, type and geographic location) for these stations in the Pastaza basin. A 
previous study of the rainfall distribution and discharge regimen in Ecuadorian 
streams (Laraque et al., 2007) has shown that they are highly variable in space and 












Figure V.A.4. Some Hydro-pluviometric regimes in the Pastaza basins. Monthly average 
rainfall (MR) is represented by an empty symbol (mm). Meanwhile, a monthly average 
discharge (Q) is represented by a filled symbol (m3s-1). 
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Database  Average 
Rainfall 
Baños BAN 1° 23' 21'' S 78° 24' 
23” W 
1846 1917 -2004 HYDROAGOYAN 1392 mm 
Teniente Lopez Tnt Lpz 2,533°6 S 76,2169 ° 
W 
230 1964 -1996 SENAMHI 2579 mm 
 
Table 1.Physiographic characteristics of the pluviometric stations which provided the data of 





Table 2. Physiographic characteristic of the hydrologic stations which provided the data of 
this study 
 
• Pluviometric features 
Data from Cusubamba pluviometric station located at 2,990 m a.s.l. (Table 1, Fig. 
V.A.4) can be considered as characteristic of high altitude pluviometric regime. At this 
station, average annual rainfall is 470 mm, with 70% of rainfall occurring in two 
periods, February-May and October-December (Fig. V.A.4). Maximum average 
monthly rainfall (71 mm) occurs in March and the minimum is recorded in August 
(13.2 mm). Lower in the basin at the Baños pluviometric station (Table 1; 1,846 
m.a.s.l.), rainfall regimes are unimodal with an average annual rainfall of 1,361 mm. 
Maximum average rainfall occurs in June (194.5 mm), and 27% of average annual 
rainfall falls in June and July (Fig. V.A. 4). Two minimums in rainfall can be identified, 
with 74 mm and 61 mm in January and December respectively.  
Code Station 
Hydrometric 
River Lat. Long. Altitud
e (1) 
Period  Database 
Station     (degree) (degree) (m)   
AND Andoas Pastaza 2° 50' 76° 27' 224 1997-2002 WALSH 
BAN Baños Pastaza 1° 23' 78° 23 1846 1917-2004 HYDROAGOYAN 
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In the middle Pastaza basin, the Teniente Lopez station (Table 1; 230 m a.s.l.) shows 
that the average annual rainfall continues to increase eastward (2,579 mm) and is 
distributed roughly evenly throughout the year (7-10% each month, Fig. V.A.4). The 
minimum and maximum values of average monthly rainfall are 188.6 mm (March) 
and 252.8 mm (April), respectively (Espinoza et al., 2008). 
• Hydrology and Sediment transport 
Baños station (Table, 2; 1,846 m.a.s.l.) is located upstream near the confluence 
between the Rio Pastaza's rises. It records 87 years (1917–2004), with an average 
annual discharge of 121 m3 s-1. The highest average monthly discharge occurs in 
July (181 m3 s-1) and the lowest in January (82.5 m3 s-1). Analysis of the daily 
hydrographs shows the presence of many flash flood events at this station (Fig. 
V.A.5). 
Downstream in the middle of the Pastaza Basin, at Andoas station (Table 2; 224 m. 
a.s.l., discharge has been recorded only for 5 years (1997-2002), with an average 
annual discharge of 910 m3 s-1. The highest average monthly discharge occurs in 
May (1,222 m3 s-1) and the lowest occurs in September (674 m3 s-1). The hydrological 
behaviour of this last station is due to its position at the end of the draining basin and 
reflects the sum of all the hydrologic events recorded upstream. 
Although Río Pastaza has been defined as a "white river", characterized by its 
highest suspended sediment concentrations (Briceño, 2005), there is relatively little 
data available on the suspended sediment yield. Upstream (Baños st.), the existence 
of an incomplete data series impedes a cyclic analysis, whilst downstream is hard to 























Figure V.A.5. Daily hydrografs (in m3 s-1) of Pastaza river at the Baños gauging station. 
 
3 DATA AND METHODS 
This work was based on the integration of available hydro-pluviometric and 
geological information with new morphologic and topographic data interpreted from 
remote sensing, satellite and/or aerial images, and a digital elevation model. 
Spatial variations of channel pattern were analyzed for the past 36 years using 
ASTER and Landsat sequential satellite imagery (MSS, TM, ETM+, 1972-2002), and 
remote sensing satellites CBERS (China-Brazil Earth Resources Satellite, 2008)  
from Ecuador-Peru Amazon. Table 3, gives a list of available satellite images in this 
study as well as the date corresponding to the acquisitions and spatial resolution. In 
order to discriminate land from open water, we used the wavelengths in the near and 
middle-infrared ranges (740 – 2500 nm; Jensen, 2000). The Subandean Zone, 
however, is frequently covered by clouds and consequently optical/IR image 
acquisitions remain uncertain, and the temporal coverage is weak. These data were 
input into a Geographic Information System (ArcView 9.1) and analyzed to determine 













Table 3. Details of the database used in this study, 22 images LANDSAT and 1 image 
CBERS 
 
The longitudinal profile of Río Pastaza was extracted from the digital elevation model 
from NASA's Shuttle Radar Topographic Mission (SRTM DEM V.3, resolution ~90m). 
However, careful interpretation of the profile was needed because the DEM's vertical 
resolution does not allow identification of small scale changes (due to vertical error) 
without the complementary use of other techniques. Nonetheless, large scale 
changes in trend (such as the Río Pastaza slope) can be analysed from the SRTM 
DEM, as it is free from canopy that can hide minor details (Valeriano, 2006). The 
profile of Río Pastaza was divided into 6 segments (OA, AB, BC, CD, DE and EF, in 
Fig. V.A.6a), and each was characterized by its sinuosity index, slope and channel 
pattern. The slope was extracted from the longitudinal profile of Río Pastaza. The 
sinuosity index SI, defined by the ratio of channel length to downvalley distance 
(Leopold and Wolman, 1957), was estimated from satellite images (dividing each 
segment into several parts depending on the changes of river course, Fig. V.A.6a). 
Braiding index BI was used only for a detailed description of a particular reach of Río 
Pastaza. We used the BI definition of Friend & Sinha (1993) as the total length of 
channels divided by the length of the widest channel. 
Code Date Sensor Resolution 
(m) 
015-866 1987-09-11 TM 30 
015-865 1992-07-14 TM 30 
034-074 2002-09-12 ETM 30 
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4 RESULT  
The Pastaza River rises at the joint between the Chambo and Patate River, with an 
altitude of 1,954 m.a. s. l. The upper 157 km of the river route are characterized by a 
rapid reduction of slope (33 to 2 m km-1 for segments OA, AB, BC, CD) as shown in 
the longitudinal profile (Fig. V.A. 7). As it crosses the Eastern Cordillera (segment 
OA), the river exhibits a clear a straight-one channel belt pattern and an E-W 
direction. It's characterized by an average slope of 33 m km-1 and a sinuosity of 1.1. 
In this segment, the Río Pastaza has no floodplain and deeply incises the bedrock of 
the Eastern Cordillera (Fig. V.A.3 & 6a-b).   
Downstream, after two 90° curves within the Abitagua Granite, the Río Pastaza 
enters the Puyo Plateau (Fig. V.A.2) where it flows progressively towards the 
southeast. On this reach (AB), the slope decreases to 8 m km-1 (Fig. V.A.7). The Río 
Pastaza entering the Puyo Plateau incises a substratum composed of Plio-
Pleistocene coarse fluvial deposits of the Mera Formation (Fig. V.A. 6a & b). At this 
zone, the Rio Pastaza displays a braided–one channel pattern and a peculiar 
bayonet shape over an extensive alluvial plain. Figure V.A.8 presents four 
successive Landsat images taken between 1987 and 2002 (Fig. V.A.8a, b, c & d). 
These images were taken between the end of July and the beginning of November. 
During this period the discharge in the Baños gauging station (Fig. V.A.4) exhibits 
very low variation. So we can consider that morphological changes in channel pattern 
do not correspond to different river levels within hydrologic cycle. On these images, 
the Río Pastaza flows from the northwest to the southeast. We can quote the 
occurrence of a positive relief in the centre of the photograph (Fig. V.A.8a, b, c & d) 
which corresponds to Plio-Pleistocene volcanic lavas (Burgos, 2006).  
On figure V.A.8a (11/09/1987) we can see that the Río Pastaza exhibits one principal 
divergence (X). To the north, this divergence divides the Río Pastaza on two 
channels, x' and x''. The western one (x') exhibits a braided channel characterized by 
a BI of 2.8. The morphology of the eastern one (x'') varies from single thalweg to very 
low braided (BI: 1.5). Figure V.A.8b (14/07/1992) reveals some changes, since the 
divergence point is displaced toward the south, ~1.8 Km, and implies the virtually 














































   
   
   
   


















































































































































































































































































































FigureV.A.8 – Temporal succession of satellite images (Band 5) recording the full avulsion at 
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Cette étude porte sur le Rio Pastaza, une rivière tropicale humide qui naît à l'ouest de 
la cordillère équatorienne et se jette dans le Río Marañón en Amazonie péruvienne. 
Cette rivière drainant un des plus grands megafans alluviales tropicals dans le monde, 
celui du Pastaza. Au fil de sa route (~431 km) les conditions géologiques, 
géomorphologiques, hydrologiques et climatiques, du Rio Pastaza, changent 
radicalement. Le bas Rio Pastaza coule à l'intérieur de la plaine, où l'influence 
tectonique est moindre que sur la Zone Subandine et le régime des précipitations est à 
peu près uniformément réparti tout au long de l'année. Cette situation suggère que les 
processus d'avulsion observés sont contrôlés par la dynamique intrinsèque du système 
fluvial.  
L'analyse des images satellites enregistrées pendant les derniers 31 ans, donne un 
aperçu de la dynamique des avulsions, au travers de deux cas documentés. La 
première est toujours en cours et permet l'observation du rôle de la plaine d'inondation 
sur l'avulsion. Elle commence avec la crevasse du Rio Pastaza en 1990 et la formation 
d'un petit ruisseau, qui se déplace toujours vers une pointe de moindre pente dans la 
plaine d'inondation.  
Cette connexion avec les creux topographiques permet la capture du Rio Huangana et 
fournit une voie pour un nouveau cours d'eau. En aval, une autre grande avulsion est 
survenue dans la rive gauche du Rio Pastaza. Elle se développe sur une plaine 
d'inondation mal drainée, qui est caractérisée par la présence de canaux abandonnés. 
Ces processus d'avulsion se développent progressivement sur une période au cours 
de laquelle de multiples canaux anastomosées sont actifs et donnent comme résultat 
un style fluvial anastomosé complexe et la modification des zones d'érosion et de 
dépôt sur la plaine d'inondation.  
Ceci démontre prouve que la morphologie anastomosés du bas Rio Pastaza s’est  
construit principalement par des avulsions successives et progressives, depuis le 
dernier maximum glaciaire (LGM). 
Mots clés : Crevasse-splay, avulsion, bassin Amazonien, plaine d'inondation, Méga-
cône du Pastaza.
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Crevassing and capture by floodplain drains as a cause of 
partial avulsion and anastomosis (lower Rio Pastaza,  Peru) 
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Avulsion is the main process at the origin of anastomosing rivers. This study 
illustrates 3 examples of avulsions resulting from crevasse-splays evolving in 
anastomosed channels along the Rio Pastaza, a tropical humid river sourced in 
the Ecuadorian Andean Cordillera and flowing into the Amazonian foreland. The 
Lower Pastaza flows in an alluvial plain, with no tectonic influence and an 
average monthly rainfall equally distributed throughout the year.  
Based on the analysis of satellite image recorded over the period 1977-2008, 
three cases have been studied. The first one began in 1990 with crevassing of 
natural levees of the right bank of the Pastaza main channel and the formation 
of a small stream travelling toward a pre-existing tributary to this main channel. 
A splay formed at the confluence beheaded the tributary which became an 
anabranch of the main river. Downstream, two other avulsions developed from 
ancient crevasse-splays on a low gradient floodplain. In both cases, capture of 
one of the distributary channels flowing on the splay by a pre-existing drain of 
the floodplain and consecutive headward erosion arrives to disconnect the other 
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drains and capture their flow into a single thread channel. As this channel 
rejoins the Pastaza main channel downstream, this process gives rise to the 
larger-scale anastomosing system which characterizes the lower Pastaza.   
 Although the precipitation regime and discharges curves are rather regular, 
levees breaching and crevasse splay formations is likely to be a result of annual 
floods which are present in this area as in the rest of Amazonia. 
 
KEYWORDS:  
Crevasse-splay, avulsion, anastomosis, Amazonian basin, floodplain, 
Pastaza.  
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1 - INTRODUCTION 
Avulsion is the process whereby a channel belt shifts relatively abruptly from 
one location in the floodplain surface to another in favour of a steeper gradient 
(Slingerland & Smith, 2004; Mohrig et al., 2000; Bridge, 2003; Stouthamer, & 
Berendsen, 2007). Avulsions may result in a new channel belt (Makaske, 2001). 
Avulsions can take place in a variety of alluvial environments, including 
alluvial fans, braided river floodplains, meandering river floodplains, 
anastomosed rivers and delta plains (Törnqvist, 1994; Jones & Harper, 1998; 
Morozova & Smith, 2000; Makaske, 2001; Jain & Sinha, 2005; Leier et al., 
2005; Assine, 2005; Sarma, 2005; Sinha et al., 2005). Avulsions are primarily 
features of aggrading floodplains (Slingerland & Smith, 2004) where they 
constitute the main cause of anastomosing channel initiation (Makaske, 2001). 
River avulsion setup is a long term process where the river aggrades over 
tens to thousands of years and becomes poised for avulsion. Several 
mechanisms have been proposed as being responsible for important 
aggradation rates including increased sediment load relative to capacity, 
change in peak water discharge, or decrease in channel gradient owing to 
sinuosity increase, delta extension, base level perturbation, downstream 
tectonic uplift (Jones & Schumm, 1999; Stouthamer & Berendsen, 2000; 
Slingerland & Smith, 2004). The trigger is a short-term event which immediately 
provokes the avulsion. Triggers are most frequently floods, but could also be 
processes as varied as abrupt tectonic movements, ice jams, log dams; 
vegetative blockages, debris dam, beaver dams, hippopotami trails, or other 
bank failures and downstream migration of bars that temporarily block the throat 
of a branch (Stanistreet et al., 1993; Jones & Schumm, 1999; Mohrig, 2000; 
Slingerland & Smith, 2004). 
It has been suggested that two end-members of the avulsion series could be 
(1) incisional avulsion characterized by an early incision and then infilling by 
migrating bar and (2) aggradational avulsion beginning with aggradation 
followed by integration of streams into a single downcutting channe (Smith et 
al., 1989). Mohrig et al. (2000) proposed that the type of avulsion is strongly 
influenced by whether or not the adjacent flood plain is well drained. 
Several numerical models of avulsion have been proposed in order to 
understand mechanics and sedimentary architecture of alluvial plains, deltas, 
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and fans (Slingerland and Smith, 1998; Jerolmack & Paola, 2007). However, 
these models do not include some aspects of the fluvial environment (e.g., 
vegetated levees and floodplains) that may play a key role in avulsion dynamics 
(Mohrig et al., 2000). Indeed avulsions although infrequent (Smith et al., 1989; 
Morozova and Smith, 2000) can best be studied by direct observation 
(Törnqvist, 1994; Mohrig et al., 2000).  
The present study focuses on the lower Río Pastaza (Ecuadorian and 
northern Peruvian Amazonia) which drains one of the largest tropical alluvial 
megafan: the Pastaza Megafan (Räsänen et al., 1990 ; Bernal et al., 2011). 
Recently, substantial attention has been paid to the construction of the Pastaza 
Megafan (Christophoul et al., 2002; Bes de Berc et al., 2005; Burgos, 2006; 
Bernal et al., 2011). In the present study, an attempt is made to depict recent 
avulsions in the Lower Rio Pastaza, near its confluence with the Rio Marañon 
and to discuss their nature and their role in the construction of floodplain. This 
study is based on the analysis of the evolution of the fluvial morphology using 
satellital images and supported by the hydro-pluviometric data yet recorded in 
the region. 
 
2 – GEOLOGIC AND GEOMORPHOLOGIC CONTEXT 
The Río Pastaza drains the eastern Ecuadorian Andes and the upper 
Amazonian Basin (Fig.1). The Ecuadorian Andes are characterized by recently 
active volcanoes, two of them, the Tungurahua (5,020 m a.s.l.) and the Sangay 
(5,230 m a.s.l.) having had eruptions all through the 20th century. Fluvial 
aggradation started in the Amazonian foreland around 22 Ma with sediments 
derived from the west (Christophoul et al., 2002, Roddaz et al., 2005, 2010; 
Burgos, 2006). This sedimentation corresponds to the deposits of the Neogene 
Napo-Pastaza megafan sensu lato. The megafan apex migrated forward as a 
result of thrust fault propagation (Bès de Berc et al., 2005) but no tectonic 
influence has been detected in the study area except flexural subsidence 
origined as a result of thrust stacking in the cordilleras (Roddaz et al., 2005). 
The most recently active part of the Pastaza megafan (Räsänen et al., 1990; 
Räsänen et al., 1992; Zapata et al., 1998; Bernal et al., 2011) is located in the 
southeast of the Neogene megafan, in the subsiding area between the Pastaza 
– Marañon - Ucayali confluence and the Iquitos Arch. The Rio Pastaza is 710 
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Km long and its drainage basin covers 39,000 Km2. The modern course of the 
Rio Pastaza in the Amazonian plain is the result of numerous avulsions (more 
than 100) which occurred since the Last Glacial Maximum (Bernal et al., 2011). 
The last major avulsion of the Rio Pastaza in the Amazonian plain is older than 
AD 1691 (Bernal et al. 2011). 
 
3 – THE RIO PASTAZA BASIN 
In the Amazonian foreland, the mean slope of the Rio Pastaza progressively 
decreases from 2.0 m / km at its exits from the cordillera to 0,2 m / km at its 
confluence with the Rio Marañon (Fig. 2). In the north, the Rio Pastaza forms a 
long (125 km) and smooth southward curve and the planform morphology 
changes from braided to low sinuosity single channel. (Fig. 2, reaches C and 
D). In the south (Fig. 2, reach E), the Rio Pastaza preserves a main channel, a 
few metres higher than the flood plain, and several diverging single channels 
bifurcate from this main channel on both banks to re-join it downstream thus 
forming a typical anastomosed system.   
 
4 – HYDROMETEOROLOGICAL DATA 
A previous study of the pluviometry and discharge in Ecuadorian streams 
(Laraque et al., 2009) has shown that rainfall and discharge regimes are highly 
variable in space and show a strong orographical control. The pluviometric and 
hydrologic regimes of the Río Pastaza in various parts of its drainage basin 
have been established using data issued from three pluviometric and two hydro-
sedimentological stations (location on Fig. 2) over the period 1964-2005. The 
data issued from the station situated in the range (Cusubamba and Baños 
pluviometric stations, Baños hydrologic station) are highly dependant upon their 
situation. At the proximity of the study area, it is practically impossible to get any 
data because of isolation and insecurity (Laraque et al., 2009). In contrast, the 
stations of the middle Pastaza basin also situated in the Amazonian wetland 
can be considered to be representative of the lower Pastaza basin.  
 At the Teniente Lopez meteorological station (230 m a.s.l.), the average 
annual rainfall is 2,579 mm and is distributed roughly evenly throughout the 
year (7-10% each month, Fig. 3). The minimum and maximum values of 
average monthly rainfall are 188.6 mm (March) and 252.8 mm (April), 
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respectively (Espinoza et al., 2009). At the Andoas hydrological station (Fig. 2) 
150 km upstream of the study area sediment discharge has been recorded for 5 
years (1997-2002), with an average annual discharge of 910 m3 s-1. The highest 
average monthly discharge (Fig. 3) occurs in May (1,222 m3 s-1) and the lowest 
in September (674 m3 s-1).   
Remote sensing analyses of the hydrology of the Amazonian wetland show 
that the lower Pastaza is like the rest of Amazonia affected by annual floods 
invading the whole floodplain. At high water stage, the floodplain entire of distal 
part of the Pastaza Megafan and as consequence, the lowermost Pastaza is 
covered by water (Mellack & Hess, 2004; Martinez & Le Toan, 2007). In 
contrast with the range and the immediate piedmont, we have no data showing 
the impact of ENSO events. 
 
5 – DATA AND METHODS 
5.1 – Satellite images 
This study was based on the integration of available hydro-sedimentological 
and geological information with new morphologic and topographic data obtained 
from satellite and/or aerial images and a digital elevation model. 
Spatial variations of channel pattern as well as avulsion occurrences were 
traced over the past 31 years using ASTER and Landsat time series satellite 
imagery (MSS, TM, ETM+, 1977-2002), and satellites CBERS (China-Brazil 
Earth Resources Satellite, 2008) for Ecuador-Peru. We selected the less cloudy 
images for approximately the same hydrological period (except the 2002 
satellite image).  
When necessary, the selected images were orthorectified using the software 
ENVI 4.2; and projected to UTM Zone 18 S. The channel's vectors were 
digitized using the Geographic Information System (Arc View 9.1). However one 
of the main problems was the discrimination between open water and land. In 
order to solve this we used the wavelengths in the near and middle-infrared 
ranges (740 – 2500 nm; Jensen, 2000). However, the Andean piedmont 
remains very cloudy at any time and optical/IR image acquisitions remain 
uncertain, and the temporal coverage is weak. This supports the systematic use 
of SRTM images in spite their lower resolution.  
5.2 – Topographic data   
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Topographic data used in this study are those of the SRTM-3 V4 DEM (Jarvis 
et al., 2008). Interest of SRTM-3 data for geomorphological studies even in low 
relief areas have been shown by Coltelli et al, (1996), Farr et al., (2007) and 
Valeriano et al., (2007). These data are based on radar interferometry (INSAR) 
in C band. Pixel size at the equator is 90m and slightly increases with the 
latitude. According to Rodriguez et al., (2005), error in height, in the studied part 
of the Amazonian lowland is ~ 5m.  
The SRTM DEM for our study area was reprocessed with ENVI 4.3 using 
elevation issued from topographic maps of the Ecuadorian and Peruvian 
geographic surveys. DEM SRTM V4 data are shown on Figure 4. In order to 
check the coherence of elevation data provided by the SRTMV4 DEM, we 
extracted a river long profile along the left bank of the main channel of the 
lowermost Pastaza (Fig. 5). Indeed, open water bodies provoke a loss of 
coherence in radar response and their elevation in the DEM results from 
interpolation with surrounding data. In the case of an alluvial river such as the 
lower Pastaza it should be reasonably assumed that river bank slope and river 
slope are similar, even though this is not necessarily the case in incising rivers. 
In fact, the slope computed from the elevation data is 0.25 m.km-1 (Fig. 4) and 
that extracted from topographic maps is 0.2 m.km-1 (Fig. 2).  
 
6 – IMAGE AND TOPOGRAPHY ANALYSES 
Comparing satellite images allowed us to define three areas of interest along 
the lower Pastaza (Fig. 2 reach E). The first example is located in the right bank 
of the Rio Pastaza ( 1 on Fig. 5) and is concerned with opening of a channel 
joining the Rio Pastaza and  one of its tributaries, the Rio Huangana. The 
second example is located downstream, to the left of the Rio Pastaza (2 on Fig. 
5), and illustrates the evolution of a crevasse-splay into an anastomosed 
channel. The third example is an ancient crevasse splay more evolved than the 
preceding having given rise to a larger-scale anabranch downstream of the 
formers (3 on Fig. 5).  
Despite the scarcity of cloud-free images 10 scenes showing a marked 
change in the fluvial morphology were found for the period 1977-2008 in the first 
example (Rio Pastaza- Rio Huangana junction) and 8 for the second. No optical 
images showing morphological changes have been found for the third example 
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but this lack was supplied by a topographic analysis allowed by the SRTM 
DEM. 
6.1- The Rio Huangana crevasse-splay 
The initial image (1981/07/21) (Fig. 6) shows the Río Pastaza and the Río 
Huangana flowing almost parallel to each other. The Río Huangana is 
separated from the Pastaza by a large natural levee but will rejoin the Pastaza 
downstream. 1987/07/18 and 1989/07/23 images (Fig. 6) show a progressive 
diminution in the water flow of the Rio Huangana (Fig. 6). The July 1990 image 
(Fig. 6) shows a small diverging stream "A" issued from the outer bend of the 
Rio Pastaza and breaching the levee to join the Rio Huangana downstream.  
The 1991, 1992 & 1994 images (Fig. 6) show a slow but constant widening of 
the stream A. As a consequence, there is a considerable increase in water 
volume inducing the development of a crevasse-splay by the "A" channel 
(2001/06/30, Fig. 6) at the confluence with the Huangana, associated with the 
creation of a marsh between the Pastaza's western levee and the floodplain.. 
This marsh may have been a result of the formation of the crevasse splay 
damming the upper reach of the Huangana already situated at a lesser 
elevation than the Pastaza main channel). The 2008/02/01 image shows the 
Huangana River beheaded (Fig. 6). The distributive channels forming the 
crevasse-splay evolved into an anastomosing network rejoining the Rio Pastaza 
along the downstream course of the Rio Huangana.  
 
6.2 – Splay 2, left bank of the Rio Pastaza 
Figure 5.2 shows a 26.16 km2 large crevasse-splay made up of 3 lobes 
formed from 3 alluvial ridges. The 1981/07/21 image (Fig. 7) shows a well-
developed crevasse-splay with a distributive network prograding into the 
floodplain. The July 1987, 1899 and 1990 images (Fig. 7), show these 
undefined flooded areas have disappeared and the trunk channel bifurcating 
downstream, leading to active channels organized in a classical distributary 
pattern. Only in 1990 (Fig. 7) the trunk channel joins the Pastaza. Between 
1991 and 2008 the network becomes simpler with the progressive consolidation 
of a single trunk channel, which joins the Pastaza River downstream (Fig. 7).  
The topography of this crevasse-splay is shown in figure 4. 4 transverse and 
4 river/alluvial ridge long profiles were extracted from the DEM (Fig. 8). Profile 1 
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(Fig. 8) is close to the apex of the crevasse-splay and reveals a 1.7 km wide 
alluvial ridge culminating at 158 m a.s.l. above a low relief area with a mean 
elevation between 142 and 147m. Profile 2 (Fig. 8) is located in the area where 
the initial alluvial starts dividing into 2 and then 3 second order alluvial ridges. 
The ridge as a whole is now 2.9 km wide and culminates at 155 m a.s.l.. Profile 
3 (Fig.8) exhibits the 3 second order ridges. Each of these ridges is around 1km 
wide and culminate at 155 m a.s.l. Profile 4 crosses the two south-western 
lobes of the crevasse-splay which are wider (2 and 3.2 km) and less elevated 
(147 and 149 m a.s.l.) than the upstream ridges whereas the floodplain is 136 m 
a.s.l. high. A V-shaped depression is observed between the eastern second 
order ridges. This depression is interpreted as the non-vegetated active channel 
(lighter green colour in the Landsat image, Fig. 5.2). A smaller but similar 
depression appears in the western second order ridge (profile 4, Fig. 8, left). 
This would indicate that the channels widen downstream within the alluvial 
ridges. 
Profiles Lp1 to Lp4 are long profiles of the alluvial ridges (Fig. 8). The upper 
enveloping line of the western more profile Lp1 shows a gentle downstream 
slope. This shape is globally concave up with a slope increasing downstream. 
The mean slope is 1.64.10-3 that is an order of magnitude higher than the slope 
of the Rio Pastaza (0.2.10-3, see fig.5A). Profile Lp2 is that of the central lobe of 
the crevasse-splay (Fig. 5). Its overall shape is similar to that of Lp1 and its 
mean slope is 1.22.10-3 . Profile Lp3 is that of the eastern lobe of the crevasse-
splay. It is shorter than the other alluvial ridges of the splay (2.3 km) and has a 
steeper slope (2.07.10-3 ). 
6.3 – Splay 3, southern left bank of the Rio Pastaza 
This crevasse-splay (fig. 5.3) and its structure are difficult to identify on 
satellite images because of its low contrast, which suggests that vegetation is 
quite homogeneous and higher (darker) all over the splay. In contrast, the 
SRTM DEM reveals very clearly the structure (Fig. 4). 4 transverse topographic 
profiles (Profiles 5 to 8) and ridge long profiles (Lp4 to Lp8) are shown in Figure 
9. Profiles 5 to 8 depict a proximal-distal gradient within the crevasse-splay. 
Profile 5 exhibits the same bell shape than profile 1 of Splay 2 and can similarly 
be interpreted as an alluvial ridge. The top of this alluvial ridge culminates at 
157 m whereas the floodplain has an elevation of 136 m. Profile 6, located 
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downstream in the crevasse-splay, enables the identification of two alluvial 
ridges. The first one is 5 km wide and culminates at 155 m. The second is 1.7 
km wide.  Profile 7 is located still downstream and crosses only one alluvial 
ridge 2 km wide and 16 m high). The same alluvial ridge 1.2 km wide and 12 m 
high is visible in Profile 8 where another ridge is observed. The alluvial ridge 
long profiles (Lp4 to Lp8 on fig. 9)  reveal the morphological characteristics of 
these splays. Profiles Lp4 and Lp5 (Fig.9) follow short transverse ridges 
(~3.5Km) formed in the northern part of the splay (Fig. 5). These ridges are 
directly connected to the crevasse channel through the right bank levees of the 
Rio Pastaza main channel. They exhibit regularly decreasing slopes (4.85.10-3 
and 6.28.10-3, respectively) toward the floodplain. This slope is an order of 
magnitude higher than the Pastaza river gradient (0.25.10-3, Fig. 5). Lp6 (Fig. 9) 
shows the longest (longitudinal) alluvial ridge of the splay. The first 12 km of the 
profile exhibit a low but constant decrease in elevation with a 0.66.10-3 slope 
followed by an abrupt decrease in elevation in the last kilometre. This decrease 
in elevation is interpreted as a vegetation change from the alluvial ridge to the 
floodplain. Lp7 and Lp8 are along longitudinal ridges/channels bifurcating from 
the Lp6 ridge/channel in the southern lobes of the splay. Lp7 is 3.8 km long. Its 
slope is 3.27.10-3. Lp8 is 5.5km long and has a 1.24.10-3 slope.  
Satellite images reveal no evolution of the distributive drainage network of 
the crevasse-splay through time. This apparent stability of the drainage network 
along with the homogeneous vegetation suggest that this crevasse-splay is 
older than the other crevasse-splays described above and represents the 
terminal stage of evolution of a crevasse-splay into an anastomosed channel. 
The older age of this crevasse splay may explain why Lp6 ridge/channel (fig. 9)  
has a lower slope than the other ridge/channels. It suggests that the 
anastomosed channel tries to reach an equilibrium profile with a regular slope 
by smoothing the knickpoint initially created at the jonction of the crevasse-
splay distributary and the floodplain drain it annexes.    
 
8 – DISCUSSION 
8-1 – History of avulsions 
 All the 3 avulsion sets analysed involve crevasse splays showing the 
same evolutional trend: (1) initial crevassing; (2) crevasse splay propagation in 
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the floodplain; (3) capture of one of the splay channels by  a pre-existing 
channel of the floodplain (or annexation) with headward erosion progressively 
reducing the initial channel slope. Because headward incision diminishes the 
elevation of the captured splay channel, the flow of the other distributaries of the 
splay is captured into this channel (Fig. 10) (see also Smith et al., 1989; 
Slingerland and Smith, 2004). In our study area, this process will then arrive to 
the formation of a diverging – rejoining channel being part of a larger-scale 
anastomosing system. 
In detail, the long profiles of the alluvial ridges indicate that an alluvial ridge 
evolved into an anastomosing channel after having acquired a lower slope than 
the others (Lp6 on Fig. 9 and in a lesser extend in Lp2 on Fig. 8). Slingerland 
and Smith (2004) propose that gradient decrease by headward erosion be 
associated with avulsions by incision and did not mention (but did not reject) 
this process for avulsions by progradation and annexation. In our cases, the 
difference in elevation between the floodplain and the ridge containing the 
avulsed channel will produce profile readjustment in any case. In fact, the 
systems studied experienced incision, annexation and progradation at various 
stages in their evolutional history. Splay 1 (Rio Huangana) started as an incising 
channel, then annexing a pre-existing river, and finally forming a prograding 
splay (beheading the host river) as a result of increasing flow and sedimentary 
load. Splay 2 initiates as a progradational splay with one of the distributive 
channels being then captured by (or annexing) a pre-existing small stream of 
the floodplain, implying incisional profile readjustment. Splay 3 likely initiated as 
a progradational splay, with a channel captured by (or annexing) a stream of the 
floodplain then affected by a strong incision. 
 
8.2 – Origin of avulsions 
Set up and cause. The lower Pastaza flows in an area affected by flexural 
subsidence where aggradation rate is important. As for other highly aggrading 
alluvial rivers, the lower Pastaza main channel appears to be surelevated with 
respect to the floodplain, inducing a high ratio between channel-to-floodplain 
slope and channel slope (see Jones and Schumm, 1999). This channel is 
bounded by poorly vegetated levees. In the 3 cases we have observed that 
breaching of the levees occurred in the outer arc of meanders where the shear 
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stress at the top of the levvees during flodds is maximum. This location seems 
to be at the origin of the rather regular anastomoses of the lower Pastaza on 
both sides of the main channel. 
 Trigger. In the studied area the seismic activity is reduced, log dams, 
vegetative blockages,  animal trail are unlikely because of the size and high 
stream power of the river. Seismic fault surface rupture are also unlikely to 
occure in an area located far eastward from the subandean active faults. Floods 
are therefore the most likely triggers of avulsions. In our study area there are no 
evidences of exceptional floods related or not to ENSO events. In contrast, it 
has been shown that annual floods occur in this area as in the rest of the 
Amazonian wetland. It is therefore likely that annual floods triggered the 
avulsions. As reported by Jones and Schumm (1999), most of the observed 
avulsions are triggered by ‘ordinary’ floods provided that channel instability was 
close to the avulsion threshold. Meander outer arcs will constitute weakness 
zones in which crevassing and then avulsion will most easily occur. Aalto et al. 
(2003) pointed out the role of ENSO in the Amazonian Basin bringing great 
amount of water and sediment in amazonian rivers of Bolivia. Data presented in 
this study prevent us to correlate crevassing and ENSO Event. Indeed, 
discharge data in Andoas hydrologic station do not cover the last significative 
ENSO Events. Moreover, satellite images  cannot help us to show initial 
crevassing is related to ENSO events. The only case in which such event could 
have influenced the evolution of a crevasse splay would be the Rio Huangana. 
The development of the splay in the floodplain occurred between 1994 and 
2001 (Fig.6). During this timerange, a severe ENSO occurred in in the winter 
1997-98.   
     
9 - CONCLUSION 
In spite of minor differences, the three examples studied in the present paper 
show the same evolutional history: (1) initial crevassing; (2) crevasse splay 
propagation in the floodplain; (3) capture of one of the splay channels by a pre-
existing channel of the floodplain with headward erosion progressively reducing 
the initial channel slope; (4) change of this channel into a diverging – rejoining 
channel being part of a larger-scale anastomosing system. The main difference 
is concerned with the capturing (or annexed) floodplain stream. In example 1 
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(Rio Huangana) this stream is a tributary flowing parallel to the main channel for 
a rather long distance before being annexed and beheaded. The splay is rather 
distant from the main channel, relatively small, and immediately postdates the 
annexation. In examples 2 and 3, the splay forms where crevassing occur, is 
relatively large, and develops a distributary network. Capture or annexation 
selects one of these drains to further become an anabranch of the future larger-
scale anastomosing system. Crevassing and consecutive avulsions take 
advantage of the presence of meanders and this location seems to be at the 
origin of the rather regular anastomoses of the lower Pastaza. 
Although the precipitation regime and discharges curves are rather regular, 
levees breaching and crevasse splay formation are likely to be results of annual 
floods which are present in this area as in the rest of Amazonia. 
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Figure V.B.1 – (a) Location of the study area. (b) Simplified geological map of Ecuador 
modified from Baby et al. 1999 anf bernal et al., 2011. (CoB: Coastal Block, WC: Western 
Cordillera, IAD: Interandean Depression, EC: Eastern Cordillera, SZ: Subandean Zone, 
AmFB: Amazonian foreland basin). (c) Mosaic of Digital Numeric Model of Napo-Pastaza 
Megafan.  The watershed is represented in black lines and the modern river network, in 
white.  White squares represent active volcanoes (Reventador Volcano, RV; Tungurahua 
Volcano, TV; Sangay Volcano, SV) and blue spots represents active volcanoes. Black 
dashed line: boundary of the rio pastaza river basin. Red dashed line is the boundary of 
the Napo-Pastaza megafan (Bes de Berc et al;, 2005). Yellow dashed line represents the 
post-LGM Pastaza Megafan (Bernal et al., 2011). 
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Figure V.B.2 – The Rio Pastaza: drainage basin, hypsometric profile of the Rio Pastaza and 
associated channel patterns (reaches A to E). White squares: active volcanoes with TV: 
Tungurahua and SV: Sangay. Black crosses: (Cusubamba St., Cu; Baños St., Ba; 
Andoas St., An; Teniente López St., TL). 
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Figure V.B.3 - Hydro-pluviometric regimes of the Rio Pastaza basin. (A) Monthly average 
rainfall is represented by an empty symbol (mm). Meanwhile, a monthly average 
discharge (Q) is represented by a filled symbol (m3.s-1). Modified from Laraque et al., 
2009. White triangles: Rainfall at Cusubamba station, white spots: discharge at Baños 
station, white spots: rainfall at baños station, white squares: rainfall ay Teniente Lopez 
station, black squares: discharge at Andoas Station.  (B) Daily hydrographs (in m3.s-1) at 
the Baños gauging station.  
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Figure V.B. 4 – SRTM V4 DEM of the lower Rio Pastaza and topographic profiles. This DEM 
shows the topography of the Modern Rio Pastaza alluvial ridge and its associated 
floodplain. On the left bank of the Rio Pastaza, two crevasse-splays can be observed. 
They correspond respectively to the crevasse-splay 2 and 3 on Figure 3. The crevasse-
splays are bounded by a light blue dashed lines. Yellow solid lines 1 to 8 and black solid 
lines Lp1 to Lp6 corresponds to the topographic profiles exhibited on figures 8 and 9. A 
and B: topographic profiles with A: topographic profile across the Rio Pastaza alluvial 
ridge, and B: topographic profile of the Rio Pastaza alluvial ridge extracted along the Rio 
Pastaza right bank. 
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Figure V.B.5 – Location and satellite images of the 3 crevasses splays and anastomosing 
channels detailed in this study (Landsat TM, VNIR band). Black dashed line: boundary of 
the Rio Napo drainage basin, green solid line: active channels. 1) Rio Huangana 
crevasse-splay, 2) Splay 2,  left bank of the Rio Pastaza, 3) Splay 3, Southern left bank of 
the rio Pastza. Yellow dashed line: boundary of crevasse-splays. CS: crevasse-splay, 
CCh: Crevasse Channel, AvC: Anastomosing channel. 
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Figure V.B.6  - Time series of satellite images (Band 5 – Landsat & Band 4 - CBER) recording 
the avulsion and crevasse-splay evolution of the Rio Huangana crevasse-splay on the 
right bank of the Rio Pastaza. On the left: map of the lowermost Rio Pastaza, exhibiting 
the Rio Huangana, its point of divergence with the Rio Pastaza (red box) illustrated by the 
time series on the right. Remark the downstream junction of the Rio Huangana with the 
Rio Pastaza through the Rimachi floodplain lake.   
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Figure V.B.7 - Time series of satellite images (Band 5 – Landsat & Band 4 - CBER) recording 
the avulsion evolution and crevasse-splay evolution of the Splay 2 on the northern left 
bank of the Rio Pastaza.  
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Figure V.B.8 – Topographic profiles of the Splay 2 on the northern left bank crevasse-splay. 
Location of profiles on figure 5. Profiles 1 to 4: topography across the crevasse-splay. 
Profiles Lp1 to Lp3: river long profiles of the alluvial ridge of the crevasse-splay. 
Figure V.B.9 – Topographic profiles of the Splay 3, on the southern left bank crevasse-
splay. Location of profiles on figure 5. Profiles 5 to 8: topography across the crevasse-
splay. Profiles Lp4 to Lp8: river long profiles of the alluvial ridge of the crevasse-splay. 
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Figure V.B.10 - Sketch map showing the evolution of the lower Pastaza crevasse-splay into an 
anastomosing alluvial ridge. AR: Alluvial ridge (including channel and natural levees), CS: 
crevasse-splay, DN: Distributary network, FD: Floodplain drainage. A: initial crevassing 
and progradation of the crevasse-splay in the floodplain. B: crevasse-splay channel 
capture by a pre-existing floodplain drain and abandonment of the crevase splay channel 
after the capture. C: final abandonment of the crevasse-splay channels end development 
of a new alluvial ridge joining the former crevasse-splay drain upstream and the former 








X' reach, remains constant, 2.8. On figure V.A.8c (09/11/2000), we can see that the 
braiding parameters of the western reach x' strongly increased (BI: 3.6). Figure 
V.A.8d (12/09/2002) reveals few differences compared to figure V.A.8c, but channel 
x' keep increasing its braiding index (BI: 3.8). To summarise, the survey, over 15 
years of the reach of the Río Pastaza, in the southern vicinity of Puyo, reveals the 
progressive abandonment of a braided channel flowing south-eastward and the 
capture's flow from the western channel, whose braiding index increases with time. 
Once the Río Pastaza crosses the Bobonaza Thrust (at the end of segment AB) 
when the river borders the Puyo-Villano Plateau, there is another sharp southward 
curve (Fig. V.A.6a & b). The Rio Pastaza becomes a meandering-one channel belt 
reach (segment BC) characterized by a thinner floodplain, a slope decreases to 3 m 
km-1 and a SI=1.4. In this reach, the Pastaza flows on NNW-SSE trend. Within the 
BC reach, the upstream portion of the Río Pastaza incises Plio-Pleistocene 
sediments, while downstream it incises progressively Miocene deposits and 
Cretaceous limestone when it crosses the Cutucu Thrust (Fig. V.A.6a & b).  
In segment CD, the river slope is 2 m km-1 and its interconnected channels have an 
average sinuosity of 1.2. All along this reach, the channel pattern changes again and 
becomes an anastomosed-multiple channel belts reach, which displays important 
vegetated islands (Fig. V.A.6a-b & 7). This channel pattern remains the same even 
when the river crosses the Cangaime Thrust. This thrust does not seem to be at the 
point of any slope break, but occurs at a locally enhanced incised reach that could 
affect the channel pattern. Along this segment, the Río Pastaza incises Plio-
Pleistocene sediments (Fig. V.A.6a).  
The next change in channel pattern occurs when the river crosses a small gorge 
composed of Miocene sediments (segment DE). It undergoes an important reduction 
of slope (0.3 m km-1) and one channel belt reach reappears (Fig. V.A.7), with a 
SI=1.3 that remains almost constant. The direction trend gently changes from SE to 
south over the DE segment (Fig. V.A.6a).  
The final change in channel pattern begins when the river abruptly changes to a SW 
direction and makes a gentle curve to the SE until it joins the Río Marañón (segment 
EF). In this segment, the river has the lowest slope on the profile (0.2 m km-1) and 
anastomosed pattern reappears in its lower reach (Fig. V.A.6a & 7). In this case, the 
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interconnected channels have an average sinuosity of 1.2 and a wide imprecisely 
delimited floodplain. This active floodplain of the Río Pastaza trends almost SE and is 
characterized by the presence of wide natural levees all along its banks. According to 
the vegetation map made by the World Wide Foundation (in Briceño, 2005), the 
levee zone is characterized by a particular type of vegetation called "Aguajal Denso", 
which is composed mainly by palms trees localized in poorly drained soil. The 
western levee is wider and has an extension maximum of 8 km. In this zone, the 
image satellite analysis allows us to recognize a paleochannels network located only 









































Figure V.A.9 – Paleochannels network and tributaries for anastomosed Pastaza River in the 
lower Quaternary Fan, (slope map and DEM). 
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The Río Pastaza is a humid tropical river, which shows spectacular changes in 
channel pattern and in direction along its ~ 431 km course until the junction with the 
Marañón River. Upstream, in the first 96 km (sections OA, AB, BC & CD in fig. V.A.6a 
& 7), the Pastaza makes several deflections related with its passage around 
important tectonic structures (Bès de Berc et al., 2005, Burgos et al., 2006), which 
generate strong slope variations (Fig. V.A.6a-b & 7). In other rivers, these bends and 
deflections have been explained by mechanisms such as differential erosion, 
structural control or lithologic contrast (Summerfield, 1991). Thus, rivers flowing from 
a mountain range to a foreland basin classically incise their substratum until the 
topographic front is reached, and then become alluvial rivers (Talling, 1998). The Rio 
Pastaza exhibits alternating incised reaches (OA, BC on Figure V.A.6a & b) and 
alluvial reaches (AB, CD, DE and EF on Figure V.A.6a & b). Such alternating alluvial 
and incised reaches can be considered broadly as alternating of uplifted and 
relatively subsiding areas. Alternating uplifted/ incised reaches result from incision of 
the crestal uplift on top of a growing thrust-related anticline, and the relative 
upstream-subsiding area results from backtilt on the backlimb of the growing fold 
(Burbank et al., 1996, Burbank & Anderson, 2001, Humphreys & Konrad, 2000). 
Such a sediment-fill basin located upstream from a growing thrust fault has been 
identified along the Rio Pastaza, in the Santa Ines basin (Bès de Berc et al, 2005). 
This basin is now incised, as shown by a network of degradational terraces (Bès de 
Berc et al., 2005). We can reasonably suggest that the successive incised and 
sudsiding reaches along the Rio Pastaza are responses to the growth of Subandean 
Front thrust-related folds: the Bobonaza Thrust, Autapi Thrust, or both. Thus, the 
control of fluvial morphology in the subsiding area of Mera-Puyo leads to a braided 
pattern (Fig. V.A.10), although it's possible to find vegetated island. On a tropical 
river, the presence of these islands it's not synonymous of stability, but rather it's the 
result that its channel can recuperate more quickly because of rapid vegetation 
growth, higher precipitation rates and abundant sediment flow than rivers in humid 
temperate regions (Wolman and Gerson 1978). The beginning of this reach is 
located at the southern extreme of the Mirador Fold. As it was suggested by Ouchi 
(1985), the Pastaza River responds to valley-slope deformation caused by active 




tectonics with degradation and terrace formation (Fig. V.A.10). Downstream from the 
terraces, a progressive aggradation leads to BI change over a period of three 
decades (Fig. V.A. 8). 
 
Figure V.A.10 – Terraces of the Pastaza River in the Mera-Puyo region 
 
When the Rio Pastaza has left behind the Subandean Front, it becomes an alluvial 
multiple channel belts river (reaches CD, DE and EF). The reach CD displays an 
anastomosed pattern with a tendency towards braided pattern due to its strong slope 
of 2m km-1. The last reaches DE and EF, despite its average slope (0.3 & 0.2m km-1, 
respectively) are different. Upstream, on the DE reach, the river crosses an older 
Neogene lithology and reduces drastically the island number. But downstream, when 
the river drains a large Plio-Pleistocene surface, it displays a mega complex 
anastomosed pattern. Besides, the unusual network presents in this zone, suggest a 
westward shift of the master channel, since the Pastaza River would migrate from the 
east, leaving behind paleochannels in his left bank and only keeping it's west 
tributaries at the right bank. The presence of a western wider levee also reinforces 
this idea. 
To summarize, we infer that changes in channel pattern observed along the Rio 
Pastaza reveal a strong influence of local tectonics. This influence involves aspects 
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classically known for foothills rivers of active mountain ranges, e.g. diversion related 
to lateral-thrust related fold propagation (Burbank & Anderson, 2001) and 
development of uplifted and subsiding areas related to thrust fault growth (Jorgensen 
et al., 1993; Burbank et al., 1996). Tectonic control on the channel patterns of the Rio 
Pastaza decreases once it crosses the topographic front of the Subandean Zone 
(point C, Fig. V.A. 6a). On the lower part of the Rio Pastaza, the controlling factors of 




This study of the changes in channel pattern along the Río Pastaza (tributary of 
Amazon, rising in the Ecuadorian Andes) reveals the influence of several factors that 
control the stream morphology. 
Over Río Pastaza's route, the geologic, geomorphologic and hydro climatic 
conditions change dramatically along the river course. These particular conditions 
mean that phenomenon like channel pattern could have different causes. The Río 
Pastaza shows spectacular changes in its channel pattern and at the same time in its 
direction, along its travel of ~431 km until its mouth in the Marañón River. Its 
longitudinal profile can be divided in six segments, each one characterized by a 
different river type and direction trend. In the first three segments (i.e. 157 km, 
sections OA, AB and BC), in Andean and Subandean Zone, the successive changes 
in channel pattern could be attributed, mainly, to the fact that Río Pastaza's crosses 
various thrust faults and thrust related folds, proving the strong influence of tectonics 
in the river course. This perturbation in the tectonic control would lead to a horizontal 
movement in the channel. This section therefore displays a very interesting example 
of BI change over the time in the Mera-Puyo area, which is correlated with the backtilt 
related with the thrusts involved in the Subandean front. This example confirms the 
hypothesis of other studies conducted near this present phenomenon (Bès de Berc, 
2005), which suggest that the Río Pastaza has previously suffered successive 
diversions as a result of the propagation of thrust-related folds. This zone also shows 
the difficult to apply traditional definitions of channel pattern in tropical rivers. Even if 
we have vegetated island, the sediment load is dominated by the bedload. 




For the reach river, CD, it's not clear, but the lithological factor seems to play a 
relevant role in the control of channel pattern; whereas the beginning of section DE is 
marked by the main slope abatement. 
The rest of the profile, section EF, represents the flow within the plains and the 
tectonic influence is lesser than Subandean Zone. The important slope decrease 
results in a sedimentation area and a river with an anastomosed pattern, which 
marks the beginning of the Pastaza Quaternary Fan. The Pastaza River's 
Paleochannels suggests successive alluvial ridges in an ancient anastomosed 
system that proves the presence of full avulsion process in the area since the Plio-
Quaternary. Besides, the interpretation allows identified tributaries localized in right 
bank and originated in a point near the exit of the river from the Cutucu Range, 
whose origin, probably, is due to neotectonics effects. Their presence reinforces the 
idea of the main western shift of the master channel; since the Pastaza River would 
migrate from the east, leaving behind paleochannels in his left bank and only keeping 
it's west tributaries at the right bank. 
Finally, this work has demonstrated how information from a wide range of sources 
(hydrology, long profile, satellite images) can be assembled to provide a coherent 
account of the channel pattern in a tropical river, the Rio Pastaza.  
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RESUME 
Le Río Pastaza naît à l'ouest de la cordillère équatorienne et se jette dans le Río Marañón 
en Amazonie péruvienne. Au cours du dernier siècle les traces successives du Rio 
Pastaza dans la zone Subandean ont été reconstruites par moyen de cartes historiques, 
des photographies aériennes, images satellites ainsi que des données sur le terrain. Ces 
données révèlent que, entre 1906 et 2008, les Pastaza est passé d'une direction NW-SE à 
une direction N-S. Actuellement la rivière montre une forme rare de baïonnette.  
Le mouvement de ce tronçon de la rivière a été faite d'avulsions progressives: chaque pré-
canal existant bifurque une première fois, pendant que le vieux canal disparaît 
progressivement à mesure que celui nouvellement créé augmente en taille. L'origine du 
déplacement du Pastaza est étroitement liée à la géomorphologie tectonique de la zone 
Subandean. Le Piémont Subandean de l'Equateur est le siège d'une tectonique de 
chevauchement. La géométrie des failles de chevauchement associées avec les données 
relatives à l'activité tectonique récente dans la région montre la surface de la zone 
Subandean est inclinée comme réponse au développement de chevauchement 
Subandean  
Cette réponse à la déformation superficielle est un exemple unique (car il peu en exister 
d'autres sur la planète, mais qui né sont pas connus ni étudiés) d'un mécanisme 
permanent sur le détournement d'un fleuve sur un piémont orogénique. Il montre que les 
captures relatives au détournement sont tellement aussi importantes que la capture liée à 
l'érosion régressive dans la structuration du réseau de drainage sur les piémonts 
orogéniques.  
 
Keywords: Drainage network, avulsions, tectonics, foothills, Ecuador. 
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ABSTRACT The successive courses of the Rio Pastaza in the upper Amazonian 
Puyo plateau (Ecuador) during the past century have been followed using historical 
maps, aerial photographs, satellite imagery, topographic and river long profiles, and 
field studies. The abrupt change in direction of the Rio Pastaza from transverse to 
longitudinal was a result of two avulsions occurred between 1906 and 1976 at the 
braided-meandering transition of the former alluvial plain. These avulsions are 
related to aggradation at the toe of a braided piedmont fan prograding on to a 
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hinterland-dipping topographic slope formed by ongoing tectonic backtilting. The 
main avulsion proceeded by annexation of a south-dipping depression created in 
front of the cordillera by backtilting of the plateau. A partial and gradual avulsion 
having occurred upstream of the former site between 1976 and 2008 is marked by 
the progressive predominance of a newly formed inner branch. Tectonic backtilting 
enhanced aggradation upstream of the initial site while it offered the newly avulsed 
channel a still more favourable way along the cordillera by creating a westward 
lateral slope. The correlation between ENSO events and the occurrence of the 1976-
to-2008 avulsions strongly suggests that the triggers of the avulsions were the floods 
caused by the high water and sediment discharges associated with ENSO (La Niña) 
events contrasting with the regular monthly discharge and the lack of actual ‘normal’ 
floods during the inter-ENSO periods. 
Keywords: avulsion, tectonics, sedimentation, fluvial morphology, Andes, Ecuador  
 
INTRODUCTION 
The present paper presents an example of migrations of a river of the Ecuadorian 
Andes, the Rio Pastaza in the regional context of a low amplitude active tectonic 
backtilting over the past century (1906 to 2008). As often on an orogenic foothill, 
these migrations are results of avulsion, the process whereby a river abruptly 
changes its course. These avulsions occurred on a 400 Km2 area  where the Rio 
Pastaza exits a 13,700 Km2 drainage basin by mean of a deep gorge incised in the 
Eastern Cordillera after a 155 km long course. They provide a good opportunity of 
investigating the conditions of the morphological response of a river in a context of 
tectonic driven surface tilting and alluvial sedimentation.  
The parameters favouring and/or triggering these avulsions such as sediment 
supply, tectonic tilting and ENSO-controlled local climatic characteristics will be 
discussed. This study is based on historical maps, aerial photography, satellite 
images, field data and interviews with inhabitants. 
 
2 – BACKGROUND  
2.a – Structure of the Ecuadorian Andes 
The Amazonian versant of the Ecuadorian Andes (Fig. 1) can be divided into four 
morphotectonic units. 
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 The Western Cordillera and Interandean depression consist of Upper 
Cretaceous-Paleogene formations (Kennerley, 1980; Lavenu et al., 1992; Reynaud 
et al., 1999) unconformably overlain by Neogene/Quaternary deposits (Barberi et al., 
1988; Lavenu et al., 1992; Barragán et al., 1996; Hungerbühler et al., 2002; Winkler 
et al., 2005). 
The Eastern cordillera is comprised of Paleozoic through Upper Cretaceous 
metamorphic rocks blanketed by late Miocene to Pliocene volcanic/volcaniclastic 
formations involved in a large-scale fault-bend fold, and intruded by Quaternary 
volcanoes (Baldock, 1982; Barberi et al., 1988; Lavenu et al., 1992).  
The Subandean Zone is separated from the Eastern cordillera by the west dipping 
Subandean Thrust fault and includes the Abitagua cordillera (essentially granitic) and 
two antiformal thrust stack culminations, the Cutucu and Napo domes made up of 
Jurassic to Neogene strata (Baby et al., 1999; Bes de Berc et al., 2005). These 
culminations are separated by an axial depression in which occurred the studied 
avulsions. The Subandean Zone is bounded to the east by the Subandean Frontal 
Thrust fault which emerges at the base of the Cutucu and Napo thrust stacks related 
antiforms (Fig.1A). Between 2.77 Ma and 190 ka, the depression was affected by a 
basaltic volcanism, leaving lavas and scoria cones (Hoffer et al., 2008). A piedmont 
megafan (Mera fan) had formed there during the Pleistocene (Tschopp, 1953; Baby 
et al., 1999; Bes de Berc et al., 2005).The apex of this fan was cut by an oxidized 
and hardened surface (Mera surface, Heine, 1994, 2000; Bès de Berc et al., 2005) 
which formed during the LGM, 21,000 cal. years ago (Bès de Berc et al., 2005; 
Bernal et al., 2011). Since then, the Mera surface – geographically known as the 
Puyo plateau – has been affected by tectonic backtilting and arching (Bès de Berc et 
al., 2005; Bernal et al., 2011) (Fig. 2 and 3A). 
 
2.b – The Puyo and Villano plateaus 
The Puyo plateau (= the Mera surface) was originally the western part of a 
piedmont pediment, gently dipping eastward, now separated from its eastern 
prolongation, the Villano surface, by an erosional depression (Bes de Berc et al., 
2005; Bernal et al., 2011) formed along a low-angle normal fault (Fig. 1B). The Puyo 
plateau (Fig.2) has now a westward dip of 0.6° in average and 0.9° in its central part 
including the study area. Its elevation varies from 1,100 m a.s.l. in its central-eastern 
edge to 900 m a.s.l. at the northern and southern tips and along its inner boundary, in 
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front of the cordillera. In a south-north profile the Puyo plateau appears as a 70 km 
wide gentle arch with an amplitude of 190 m (Bès de Berc et al., 2005) (Fig. 3A). This 
arch forms an east-west culmination east of the town of Puyo (Puyo high, Bes de 
Berc et al., 2005) (Fig. 2 and 3A). This culmination constitutes the main divide 
between the drainage basin of the Rio Pastaza and that of the Rio Napo, which is the 
other major river of the region. The Villano surface has kept a shallow dip (< 0.3°) to 
the east. Its elevation in its western edge is 800 to 500 m a.s.l.. The restoration of the 
original surfaces from a series of cross-sections shows a normal offset of 300 to 400 
m (Fig. 1B). The normal fault is related to the propagation of the Subandean frontal 
thrust and fold. The average tilting rate of the Puyo plateau since the LGM is ~ 3-
4.5.10-5° yr-1 (0.5-0.8 μrad yr-1 or 0.008 cm km-1 yr-1). The average uplift of the plateau 
edge with respect to its inner boundary is of 0.6-0.85 cm yr-1 , higher than in the 
cordilleras for the same period (4-6 mm year-1, Bès de Berc et al, 2005). 
Two local topographic highs appear in the Puyo plateau (Fig. 3B). In the north, the 
fault-related Mirador anticline culminates at ~1,400 m asl (Bès de Berc et al., 2005) 
(Fig. 1B). In the south, the volcanic edifice formed by the preserved Pliocene lavas 
and scoriae (Hoffer et al., 2008) culminates at ~1,100 m asl, ~ 80 to 100 m above the 
plateau (Fig. 3B). 
 
2.c – The Rio Pastaza in the Ecuadorian Andes 
The Rio Pastaza is sourced in the Western Cordillera (Fig. 2), and is the only 
Ecuadorian river that traverses the Eastern Cordillera. Upstream of the Subandean 
front, its catchment covers an area of 13,700 Km2.  
The Rio Pastaza sensu stricto is transverse and formed by the junction of two 
longitudinal branches flowing in the Interandean Depression (Fig. 2). Downstream of 
the confluence, the Rio Pastaza traverses the Eastern Cordillera and the Abitagua 
cordillera through a narrow and deep valley ~12 km wide and 2,900 to 1,300 m deep. 
Where debouching into the Puyo plateau, the valley widens abruptly and the river 
slope decreases to form an alluvial fan with a ~6 km radius. The Rio Pastaza 
diverges into two branches which form an abrupt bend to the south and flow 
southward along the front of the Eastern Cordillera where it has formed a wide 
braidplain in continuity with the Puyo fan. These two branches re-join immediately 
south of the Volcanic Complex (Fig. 2). The Rio Pastaza receives two major 
transverse tributaries from the west, the Rios Llushin (basin area = 1,015 km2) and 
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Palora (basin area = 2,350 km2) (Fig. 2). At its confluence with the Rio Llushin, the 
course of the western branch of the Rio Pastaza forms a sharp eastward bend in 
prolongation of the western course of the Rio Llushin (Fig. 2 and 5A) while the 
eastern branch forms a more rounded bend before re-joining the western branch. 
Downstream, the Rio Pastaza exits the Puyo plateau after having flowed ~12 km 
along the plateau edge (Fig. 2). The deposits on the younger terraces of the Pastaza 
grade downstream into aggrading modern deposits forming the Puyo fan and the 
southern Pastaza braidplain (Fig. 7). These modern deposits are rather coarse 
(boulders up to 50 cm in diameter) and their thickness is greater than 7-8 m. 
The average annual discharge of the Rio Pastaza from 1917 to 2004 is 121 m3s-1 
at the Hydroagoyan dam, near Baños, and varies between ~185 m3s-1 in 1975 (La 
Niña event) to 85 – 90 m3s-1 in 1981 and 1991 (El Niño event) (Laraque et al., 2009) 
(Fig. 4B). The average monthly discharge varies from 181 m3s-1 in July and 82.5m3s-1 
in January (Laraque et al., 2009) (Fig. 4A).   
 
2.d – Climatic setting 
The present climate in the Ecuadorian Amazonia is hot and wet, especially in the 
piedmont with average annual precipitation of over 3,000 mm all along the cordillera 
front, and ≥ 4,500 mm near Puyo at 1,000 m asl (Hastenrath, 1981; Gomez, 1994). 
At Puyo, the monthly average rainfall is greater than 300-350 mm all year, with a 
maximum in March and April (Gomez, 1994). At Baños (Fig. 4A, location on Fig. 2), 
35 km upstream of our study area, the monthly average rainfall varies from ~80 mm 
in January to ~200 mm in June. At the Cusubamba station in the northern 
Interandean Depression (Fig. 3A), the average annual precipitation is considerably 
lower and the monthly average rainfall varies from ~15 mm in July and August to ~75 
mm in March and November (Laraque et al., 2009) (Fig. 4A).  
  
3 – THE RECENT MIGRATIONS OF THE RIO PASTAZA IN THE PUYO PLATEAU 
The migrations of the Rio Pastaza in the past century (from 1906 to 2008) have 
been traced using a topographic map published in 1906, aerial photographs taken in 
1976, satellital images and field observations between 1992 and 2008. 1976 paths 
were constructed using 6 photographs taken during the aerial photography campaign 
of the Instituto Geografico Militar of Ecuador. Photographs were georeferenced, 
orthorectified and then mosaicked. The resulting mosaic is shown in Figure 6. The 
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paths of 1987 and following years (1992, 2000 and 2002) are based on Landsat and 
Aster satellite images. These images were georeferenced, orthorectified and then 
binarized in order to enlight the active channels (Fig. 8). Field observations were 
carried out during the years 2003 to 2008 (Fig. 5). No press documents have been 
found, even for the more recent avulsions. Eye witnesses have a clear memory of the 
avulsions having occurred since 1976 (but not of the exact time when they occurred). 
No one remember the time when the Rio Pastaza flowed to the east along the 
Volcanic Complex but peoples over 70 still living in the area are rare. The exact time 
when the avulsions occurred thus remains unknown, in particular in the 1906 to 1976 
period. However, the snapshots in the evolution of the river system provided by the 
images enable us to distinguish 6 “stages” (Fig. 8). Complexity of the braid channels 
network will be described by the Braiding Index (BI). BI is defined as the sum of the 
active channels length divided by the reach length. 
 
3.a - Stage 1 (observed in 1906)  
The 1906 map shows that the Rio Pastaza flowed along the northern and then 
eastern boundaries of the Pliocene Volcanic Complex (Figs. 5A and 8). Today, the 
eastern portion of this path is occupied by the Rio Puyo a left-bank tributary of the 
former Rio Pastaza (Fig. 8), which forms a sudden 90° bend toward the east at the 
junction with the former Pastaza valley. A distance of 7 km separates this junction 
from the eastern branch of the Pastaza. The eastern part of the abandoned valley is 
now occupied by the unnamed river we termed ‘Rio X’ (Fig. 8).  The western portion 
of this abandoned valley is presently occupied by the upper Rio Chigunsimi. This 
document also reveals the presence of a minor left-bank tributary of the Rio Llushin 
flowing along the front of the cordillera. 
The poor quality of the 1906 document did not enable us to characterize the 
channel pattern of the Rio Pastaza and the characteristics of the Pastaza valley at 
this time. However, information on this valley is provided by the 1976 photographs 
(Figs. 5A and 7). Although the area was already highly vegetated (in the east) or 
occupied by tea plantations (in the west), the 1976 photographs show evidence of an 
abandoned floodplain oriented west-east along the northern boundary of the volcanic 
complex between the Pastaza braidplain in the west, and the eastward bend of the 
Rio Puyo in the east (Fig. 7). This floodplain is wider (1 – 2 km) than the present-day 
valleys of the Rio X and Rio Puyo and incised by these rivers. Tracing the 
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abandoned drainage network reveals a braided/distributary pattern changing 
eastward into a relatively wide meander belt (Fig. 7). Some of the rivers (Rio Pindo 
Grande, Rio Salomon, Rio Chico in the north; Rio Chigunsimi and Rio X in the centre; 
Rio Putuimi in the south) are still active but have acquired since then a contributary 
pattern. In the west, around and southeast of the village of Shell, bifurcating-rejoining 
channels are frequently seen separating 250m wide amygdaloidal swells, which are 
likely to represent former longitudinal baidbars. This abandoned braidplain is similar 
in size and morphology to the better preserved or active Pastaza braidplain in the 
south. In the east, the abandoned meander loops have wavelength and amplitude in 
general greater than those of the present day rivers and extend to the north in the 
area now drained by the lower Rios Pindo Grande and Salomon (Fig. 7) which now 
flow southward. The area where the 1906-to-1976 avulsion occurred corresponds to 
the braiding-meandering transition of the ancient valley and only a sedimentary ridge 
constitutes the divide between the present-day Rio Pastaza and Rio Puyo drainage 
basins. 
 
3.b - Stage 2 (observed in 1976)  
In 1976 the Rio Pastaza was divided into two branches (X’ and X’’ in Fig. 8), 
issued from a bifurcation located south of the village of Shell (1 in Figs. 5A and 8).  
The western branch X’ flows southward along the Eastern Cordillera for 14 km and 
forms a sharp 90° bend at the confluence with the Rio Llushin, changing its direction 
from N 165°E to N 75°E (Fig. 8). North of the confluence with the Rio Llushin, the 
western branch consists in a braidplain varying from 250 to 1,500 m in width 
comprising 1 to 8 braided channels. The width of individual braid channels never 
exceeds 250 m. East of the confluence, the downstream reach becomes less braided 
and evolves into a low-sinuosity channel with numerous mid-channel bars which may 
characterize a wandering morphology (Brierley, 1989). Individual channel width 
increases and exceeds 500 m when approaching the confluence with the eastern 
branch. All along the western branch, the most active channels are on the right of the 
braidplain, against the cordilleran front. A series of abandoned diverging channels 
separated from the main channels are still visible (Fig. 5A, 7 and 8). 
The eastern branch X'' flows south-eastward along the Puyo fan axis for 5 km, 
then southward (6 km) and eastward (6 km) along the western and southern 
boundaries of the Volcanic Complex, and finally south-eastward until the present 
  183 
Pastaza-Puyo confluence (Figs. 7 and 8). Downstream of the bifurcation 1, a 1000 m 
wide upstream reach striking SW-NE (130) is composed of wide braided channels. At 
the contact with the Volcanic Complex, the river becomes a single channel for ~1.7 
km, and then widens and recovers its braided morphology. The active channels are 
located in the left side of the baidplain in contact with the Volcanic Complex.  
The 1976 photographs also reveal that two avulsions are at the origin of the 
abandon of the pre-1976 floodplain and both occurred between 1906 and 1976. The 
sedimentary ridge constituting the wing gap between the eastern branch of the 
Pastaza 1976 and the Pastaza 1906 (the present Rio Chigunsimi) is somewhat 
higher than the Pastaza braidplain (~15 m), thus indicating a large accumulation of 
sediment. The present windgap between the Rio Chingusimi and the Rio X is only 4-
6 m higher than the site of the avulsion of the Rio Chingusimi into the Rio Putuimi 
(Fig. 7). As for the Pastaza – Chigunsimi divide, the ridge is sediment-made. A well-
marked knick point appears in the long profile of the Rio Chigunsimi strongly 
suggesting either a capture of the Chigunsimi by the Rio Putuimi or an annexation of 
the Rio Putuimi by the Rio Chigunsimi. As the Putuimi valley is relatively deep but 
narrow, this avulsion must have occurred after the Pastaza avulsed to the south. It is 
noteworthy that both avulsion sites are situated at the braiding-meandering transition 
of the pre-1976 floodplain (Fig. 7).  
 
3.c- Stage 3 (observed in 1987) 
 In 1987 (Fig. 8), the Río Pastaza has the same overall configuration as in 1976. 
The western branch X' exhibits braided channels characterized by a low braiding 
parameter (BI=1.8, cf. Schumm, 1977). Compared to 1976, this branch exhibits the 
same width but less active channels. The morphology of the eastern branch X'' varies 
from single-channel to braided with a very low braiding parameter (BI=0.5). This 
branch is less wide and exhibits less active channel than in 1976. To the south, a 
series of diverging channels separate from the main channel and rejoin the river 
downstream of the Llushin confluence. The remaining southward-flowing main 
channel (Y') presents the same braiding characteristics (BI=1.6) as upstream of the 
divergence point 2. The separate channels (Y'') appear as single meandering 
streams.  
 
3.d- Stage 4 (observed in 1992) 
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 In 1992 (Fig. 8), the point of bifurcation between the branches X’ and X’’ is 
displaced ~1.8 km to the south. The branch X’’ is reduced to a straight single 
channel. The branch X’ has a braiding parameter BI=1.8. The channels, active in 
1987 having separated from X’ at bifurcation point 2 (channels Y”), are now 
abandoned except the eastern one. Downstream of point 2, the braiding parameter of 
the main channel decreases (BI=0.9) 
 
3.e - Stage 5 (observed in 2000) 
In 2000 (Fig. 8), the overall configuration is similar as in 1992 and 1987, but the 
eastern branch X” is now very narrow. No active channels separate from the western 
branch X’, but traces of abandoned parallel channels have been observed east of the 
main stream. The braiding parameter of this western reach increased (BI = 3.1) to the 
south of the point 1 and BI = 2.0 to the south of point Y’.  
 
3.f - Stage 6 (observed in 2002)  
The 2002 image (12/09/2002, Fig. 8) does not differ much from 2000. The branch 
X'' keeps reducing its width. The channel X'' is inactive and the main channel X’-Y’ 
preserves its high braiding parameter (BI = 3.0) north of point 2 and BI = 2.0 south of 
point 2. The braid channels are wider and the braid islands narrower, which strongly 
suggests that practically all the flow was directed into the western branch. 
 No satellite image and air photo are available since 2002 but a series of field 
observations in 2008 highlight the changes happened in the eastern braidplain 
between 1976 and 2008 (Fig. 5B and C). Figure 5B and C represent a south-
eastward looking photograph taken in July 2008, which shows that the active 
braidplain of 1976 (Fig. 5A) is completely abandoned and highly vegetated with trees 
exceeding 20 m in height. Even though vegetation growth is rapid in the region, this 
confirms that no channel activity has occurred for several tens years.   
 
4 – GEOMORPHOLOGICAL ANALYSIS 
River long profiles of either active or abandoned streams were extracted from the 
DEM based on stereoscopic 3N and 3B bands of an ASTER scene and the SRTM 
DEM.  
 
4.a - River long profiles 
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The Rio Pindo Grande that constitutes the northern and eastern boundary of the 
Puyo fan preserves a low gradient upstream of its confluence with the Rio Puyo. The 
Rio X shows the steeper and most regular gradient (Fig. 9A), and the profile 
preserves the same regularity until the confluence with the present Rio Pastaza, with 
no marked change at the confluence with the Rio Puyo. The gradient of the upper 
Rio Puyo remains relatively low in the plateau but increases when approaching the 
confluence with the Rio X (Fig. 9A). As the gradient of the Rio X remains rather 
regular in this area, this clearly shows that the greatest part of the over-incision 
imposed by the backtilt of the plateau was achieved by the ‘Pastaza 1906’ and 
predated the avulsions.  
The profile of the Rio Pastaza 1906 has been reconstructed by joining the upper 
portion of the eastern branch of the Pastaza, the western portion of the Rio 
Chigunsimi, the Rio X and the lower Rio Puyo. This profile shows two narrow highs 
only 15 m and ~5 m above the profile (Fig. 8B), which are the sedimentary ridges 
related to the two avulsions that occurred between1906 and 1976. The profile is 
however rather regular with an average slope (585 cm.km-1 for the 16 km preceding 
the confluence with the Rio Puyo) steeper than those of the upper Rio Puyo and Rio 
Pindo Grande (375 and 384 cm.km-1, respectively) (Fig. 9A). The valley/stream 
profile of the Pastaza 1906 becomes convex upward in the area where the avulsions 
occurred (Fig.9B). The profiles of the western and eastern branches of the Pastaza 
show the steepest slopes (743 and 707 cm.km-1, respectively) (Fig. 9B). In detail, the 
profiles of both branches of the present Rio Pastaza downstream of Mera show a 
marked increase in slope in the area where the main avulsion occurred with an 
increase, followed by a decrease, in river gradient not related to any bedrock change 
(Figs. 9B and C). 
 
4.b - River long profile of the 1906 path and plateau profiles  
The reconstructed long profile of the Pastaza 1906, between the avulsion sites 
and the southward bend, has been compared with two transverse profiles of the 
plateau in the same area. The first profile is along a straight line at ~1 km from the 
‘river’ (XX' profile on figure 10). The second profile is along the northern divide of the 
former drainage basin and projected onto the plane of the first profile (yellow dashed 
line on figure 10A). The two profiles are remarkably similar except the presence 
along the divide of a local residual relief. The eastern (upper) portion of this diagram 
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shows the Pastaza (present eastern branch) incising the upper fan. The convex-
upward central portion between the two windgaps (Pastaza – Chigunsimi and 
Chigunsimi – Rio X) corresponds to a low in the plateau profile with the same slope 
as the reconstituted river. The eastern portion represents the backtilted surface of the 
plateau incised by the Pastaza 1906 and presently occupied by the lower Rio Puyo 
(Fig. 10). The incision increases up to ~150 m near the southward bend at ~4.5 km to 
the plateau edge (Fig 10). If considering that incision commenced at the LGM this 
yields a minimum average incision rate of 7.5 mm.yr--1. This rate is consistent with 
the average uplift rate of the plateau edge (6-8.5 mm/year-1, see above).  
  
5 - DISCUSSION   
No other documents than the 1906 map, the 1976 aerial photographs, and the 
satellite images are presently available on the avulsions and the relations between 
these avulsions and the volcanic, climatic, and seismic events having occurred in the 
20th century cannot be directly observed. However, the eventual role of these events 
and of longer-term events such as aseismic tectonic tilting in the genesis of the 
avulsions may be discussed in the light of the above data. 
 
5.a - Earthquakes and volcanic eruptions 
 Major earthquakes occurred in 1949, 1987 (Mw 7.1), and 1995 (Mw 7.0) (Yepes 
et al., 1996; Legrand et al., 2005, Fig. 1A), that is, between the making up of the 
1906 map and 1976, just before or after the 1987 photographs, and between the 
1992 and 2000 images. Relatively high magnitudes earthquakes are frequent (Fig. 
1A). However, the stepped terraces that bound both branches of the Pastaza (Bès de 
Berc et al., 2005; Fig. 6), show that aggradation has proceeded there without 
constructing levees to be breached by earthquakes as, for example, in the Rhine-
Meuse delta (Stouthamer and Berendsen, 2000; Cohen et al., 2002). There are no 
more evidences of transverse faults having diverted the Pastaza.  
Major eruptions of Tungurahua volcano producing pyroclastic flows and ash falls 
occurred in 1916-18 and 2006-08 (Le Pennec et al., 2008; IGEPN, 2009). However, 
the amount of material delivered to the the Pastaza was relatively limited and none of 
these major eruptions was capable of transporting ash surges or lahars necessary for 
triggering avulsions down to the study area (Le Pennec et al., 2008; IGEPN, 2009). 
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5.b - Tectonic tilting 
The westward migration of the Pastaza and the development of the western 
branch at the expense of the eastern branch apparently agree with the interpretation 
that the Pastaza simply migrated westward as a result of tectonic backtilting opposing 
the normal eastward flow and/or creating more favourable slopes toward the south. 
However, even tough the uplift rate generated by backtilting is relatively high, such a 
‘mechanical’ increase in slope diverting the river course may appear by itself 
insufficient for having caused the 1906-to-1976 avulsion if we consider that the 
presently modest Rio Puyo has been able to maintain its eastward course.  
Figures 6 and 10 show that the area where the avulsions occurred is in fact 
situated in the topographic depression between the east-sloping Puyo fan and the 
west-sloping plateau surface, and is marked by a reduction in slope of the ‘Pastaza 
1906’. The abrupt increase in width and decrease in river gradient when debouching 
on to a piedmont (see Fig. 5) reduces bed shear stress, thus enhancing braiding and 
aggradation, and promoting avulsion (Schumm et al., 2000). In another hand, it has 
been established that subtle warping is sufficient to induce changes in planform 
geometries (Ouchi, 1985; Holbrook and Schumm, 1999). Again, according to Jones 
and Schumm (1999): ‘gradient reduction in meandering streams may result in 
bedload deposition where the slope decreases, clogging of the channel, and finally 
avulsion’. The 1906-to-1976 avulsion in fact occurred at the braiding-meandering 
transition in an area where the reconstituted profile of the ‘Pastaza 1906’ effectively 
shows a decrease in slope (Figs.  9B and 10). An association of gradient reduction 
and abrupt river widening may also be invoked for the 1976-to-2008 gradual avulsion 
which occurs in the same piedmont area where the Pastaza both decreases in slope 
as a result of tectonic backtilting and enlarges after having been confined in the 
cordilleran valley. The progressive dominance of the western branch over the eastern 
branch might have been a result of progressive starving of the eastern branch by 
tectonically-enhanced aggradation upstream of the initial avulsion site. Aggradation 
enhanced by tectonic tilting seems, therefore, to have played a major role in the 
genesis of the avulsions by leading the system close to the avulsion threshold as 
stated by Jones and Schumm (1999). Previous steepening and narrowing of the 
valley downstream of the avulsion site might explain why a former left-bank tributary 
of the Pastaza – the Rio Puyo –  could have continued to flow in this valley after the 
Pastaza was beheaded. 
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5.c – Capture/annexation of a pre-existing river   
The longitudinal depression in which flow the present western and eastern 
branches of the Pastaza was created by tectonic backtilting tilting and arching (Fig. 
3). This depression has had a slope steeper than the original slope of the river, which 
may have provided a more favourable way to the Pastaza (Jones and Schumm, 
1999; Slingerland and Smith, 2004; Humphrey and Konrad, 2000). This depression 
was occupied by a former tributary to the Rio Llushin potentially able to capture the 
Pastaza by headward erosion (e.g. Summerfield, 1991). Another possibility should be 
that the Pastaza, made unstable because of increasing aggradation and decreasing 
slope, annexed this tributary (avulsion by annexation according to Slingerland and 
Smith, 2004; 'capture par déversement' (= capture by overflow) as opposed to 
capture by headward erosion in the French literature, see e.g. Tricart, 1952 or 
Coque, 2002 p. 120-121). This latter interpretation will be preferred as it accounts for 
both the shape of the long profile of both branches of the Pastaza and the wind gaps 
being constituted by an accumulation of sediment at the braiding/meandering 
transition. 
  
5.d – ENSO events  
Severe ENSO events occurred in 1916, 1942, 1949, 1955, 1969-1970, 1971-1972, 
1974-1975, 1975-1976, 1982-1983 and 1997-1998 (Aalto et al., 2003). The major 
avulsions observed in our study area occurred between 1906 and 1976, between 
1987 and 1992, and between 1992 and 2000. The hydrograms available for our 
study area (Baños hydro-meteorological station, Fig. 2) only cover the period 1963 – 
2006. Figure 4 shows that the peaks in annual discharge associated with La Niña 
events occurred in periods preceding the avulsions. The partial avulsion having 
formed the western branch may have been triggered by the 1975-1976 and 1974-
1975 La Niña events (highest discharges yet measured) and/or the preceding 1971-
1972 and 1969-1970 events. The 1988-1989 La Niña events occurred in the period 
1987-1992. The 1998-1999 and 1999-2000 La Niña events immediately preceded 
the changes observed in 2000. The peaks in annual discharge during La Niña events 
are not much higher than the average: ~ 185 m3s-1 for the 1975-1976 and 1974-1975 
events, ~165-170 m3s-1  for the 1971-1972 and 1969-1970 events, and ~150 m3s-1 for 
the the1998-1999 and 1999-2000 events vs. 121 m3s-1 for the average annual 
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discharge but significantly higher than the ‘normal’ variations (see Fig. 4B). As 
observed by Wells and Dorr (1987) in the Kosi megafan and discussed by Jones and 
Schumm (1999), exceptional floods are not necessary for triggering avulsions if other 
conditions make the river close to the avulsion threshold. However, the Kosi fan is 
‘very flat’ and aggradation rapid (Wells and Dorr, 1987) and ‘normal’ flood are 
important because of this flat attitude of the fan and of the monsoonal regime of the 
region. In the Puyo area and the Amazonian domain in general, floods were not 
registered in the hazard records, except during La Niña events (Demoraes and 
D’Ercole, 2001). In fact, the flat shape of the average monthly discharge curve (Fig. 
4A), due to different precipitation regimes in various parts of the upper catchment, 
does not allow large ‘normal’ floods and leaves them no great chance of triggering 
avulsions. As actual floods only occur during La Niña events, the correlation between 
stronger ENSO events and the avulsions cannot be a simple coincidence. According 
to Aalto et al. (2003) not only water but also sediment discharge considerably and 
rapidly increased during La Niña events (Aalto et al., 2003) and most of the 
aggradation in the Andean floodplains has occurred during La Nina events. 
Therefore, La Niña events should have enhanced aggradation in the same time as 
they caused flooding. 
The main avulsion from the Pastaza 1906 to the eastern branch and the avulsion 
of the Rio X into the Rio Putuimi are obviously much older than 1976 as it is clear 
that in 1976 the vegetation in the abandoned meander belt was too high for the 
abandon to have occurred recently. These avulsions may have been triggered by 
ENSO events older than those recorded in the hydrograms of the Baños station, 
probably the 1942 or 1916 La Niña events as suggested by the height of the trees 
greater than 20-30 m and the state of evolution of the forest. 
 
6 – CONCLUSIONS 
The study of the migrations of the Rio Pastaza in the eastern Subandean Zone of 
Ecuador (Puyo plateau) over the last century reveals 3 westward avulsions. The main 
avulsion was achieved in the period 1906-to-1976 by the annexation of a smaller 
river flowing in a south-sloping wide tectonic depression formed along the front of the 
cordillera. A second, smaller-sized, avulsion affecting the beheaded portion of the 
river occurred in the same period. The third avulsion occurring in the period 1976-to-
2008 is characterized by a gradual shift of flow from the previous avulsive channel to 
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a newly formed westward channel. This partial avulsion involves two branches which 
have co-existed for more than 30 years. The eastern branch formed first with its 
channel pattern evolving from highly braided to single channel. All these three 
avulsions have been controlled by the interplay of the progradation of a braided 
alluvial fan formed by the Rio Pastaza and tectonic tilting continuously increasing the 
hinterland-dipping topographic slope. Tectonic backtilting may have acted by 
enhancing aggradation upstream of the initial site to generate a second avulsion site, 
in the same time as it offered the avulsed channel a more favourable longitudinal way 
along the cordillera.  
In this framework, the cause and trigger of avulsions could be (1) tectonic 
backtilting ontop of the propagating Subandean Front creating a favourable 
topographic and sedimentary setup for avulsions, and (2) ENSO (La Niña) events 
which are responsible for much higher water and sediment discharges and in the 
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Figure V.C.1: Simplified geological map of Ecuador, structural cross section, location of the 
seismic A: simplified geological map of the Ecuadorian Andes and location of the seismic 
activity.  Solid black lines: mains thrusts faults of Ecuadorian Andes. Solid red line: location 
of fig. 1B. Location and depth of earthquakes with magnitude greater than Mw 5 in the study 
area, between 77°W and 79° W and between 1°N and 3° S between 1976 and 1999 
(Harvard Catalog ,1999). B: Depth of earthquakes with magnitude greater than Mw 5 in the 
study area, between 77°W and 79° W and between 1°N and 3°S, between AD1976 and 1999 
(Harvard Catalog ,1999). B: Structural cross section across the western cordillera, the 
interandean depression, the eastern cordillera, the subandean zone and the amazonian 
foreland. Cross section is striking NW-SE, location on the geological map exhibited in A.    
























Figure V.C.2:  SRTMV3 DEM (90m accuracy) of the Ecuadorian Andes. White squares: actives 
volcanoes. Blue spots: inactive volcanoes. Solid black line: watershed divide of the Rio Pastaza and 
Napo basins. Dashed black lines: sub-basins divide, 1: Rio Cebadas, 2: Rio Patate, 3: Rio Llushin, 4: 
Rio Culebrilla, 5: Rio Huamboya. Solid white lines: hydrographic network, thickness of lines grows with 
Stralher order (tributaries represented have order >3). Solid red lines: main thrusts faults of the 
eastern cordillera and subandean zone. PT: Pallatanga Thrust, SF: Subandean Fault, AT: Abitagua 
Fault, MT, Mirador Thrust, ST: Subandean Thrust. Yellow dashed lines: area of avulsions of the Rio 
Pastaza. The Puyo Plateau is the light blue to light green (750-1,100m asl) area comprised between 
the ST to the east and the thrust-faults at the front of the Eastern Cordillera (involving the MT) to the 
west. Black crosses: location of hydrometeorological stations which provided data exposed on Fig.4. 
Cu: Cusubamba Station, Ba: Baños Station. 
































Figure V.C.3: Transverse and longitudinal topographic profiles across the Puyo plateau extracted 
from the ASTER DEM processed with B3 (VNIR_Band3N) and B4 (VNIR_Band3B) stereoscopic 
bands and SRTM V3 DEM.  B: Topographic profiles location map. 




















Figure V.C.4: A: Average monthly precipitations at Baños (Eastern Cordillera) and at Cusubamba 
(Interandean Depression) and average monthly discharge of the Rio Pastaza at Baños. B: Influence of 
ENSO events on the annual discharge of the Rio Pastaza at the Hydroagoyan dam near Baños (after 
Laraque et al., 2009). The thick grey vertical lines mark the date at which were taken the aerial 
photographs and satellital images showing the changes in course of the Rio Pastaza. The grey 
rectangles indicate the periods of time in which these changes in course may have occurred. 
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Figure V.C.5: A: Mosaic of 1976 aerial photographs of the southern Puyo plateau (Instituto 
Geographico Militar de Ecuador). Yellow dashed line corresponds to the boundary of the thalwegs of 
the Rio Pastaza from 1906 to 2008. Blue dashed pointed lines corresponds to the Rio Puyo and its 
tributary resulting from the beheading of 1906 path. The snapshot shown in fig. 4B is viewed from 
point  B. C indicates location of snapshot shown in Fig.5C. 1 is the avulsion point of 1976, X' is the 
western branch and X” the eastern branch resulting of the partial avulsion. 1, X and X” are the same 
than those presented on Figure 8.. B: Present day aspect of the eastern channel of the Rio Pastaza 
abandoned between 1976 and 2002. Vegetation is represented by arborescent shrubs and rare trees. 
C: Snapshot of the 1976 channel as it appears in July 2008. An outcrop of the gravel bar preserved in 
the channel abandoned after 1976. Observe the height of the vegetation developed on the gravel 
layers. 





















Figure V.C.6: Map of Pleistocene and Holocene alluvial terraces and alluvial fan deposits of the Puyo 
area (modified from Bes de berc et al, 2005 and Burgos, 2006).  




























Figure V.C.7: Photo-interpretated map of the fluvial features of the Puyo area. Map based on aerial 
photographs exhibited on Fig. 5A. Active channels in 1976 are represented in black, braid bars in blue. 
Yellow areas corresponds to topographic highs interpreted as sedimentary ridges deposited on the 
former banks of the channels. Inactive and abandoned channels are represented with blue lines. To 
the west, in the north-south reach of the Rio Pastaza, the pattern of inactive and abandoned channels 
is typical of a braided river. In the north (east of Madre Tierra and Tarqui), the abandoned channel 
patterns evolves from west to east from a braided to meandering channel pattern. The active reach 
(north-south) and the abadoned one (west-east) are separated by the volcanic complex (bounded by a 
dashed green line).  



























Figure V.C.8: Evolution of the Rio Pastaza in the southern Puyo plateau since 1906. Each map 
illustrates the following stages: 1906, 1976, 1987, 1992, 2000, 2002. 1906 is deduced from a map. 
1976 is based on aerial photography mosaic exhibited on fig. 5. 1987, 1992, 2000 and 2002 stages  
are based on Landsat satellite images. 1 and 2 refers to bifurcation points. X', X'' and Y', Y'' 
corresponds to the channel respectively origined downstream of the bifucations 1 and 2.   
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Figure V.C.9: Long profiles of the main rivers flowing in the central Puyo plateau. Elevations in m; 
distances in km. A: Profiles of the Rio X, Rio Puyo and Rio Pindo Grande down to the 90° bend of the 
Rio Puyo from the SRTM DEM. The profiles have been smoothed using average value in a 19 cells 
(~1,700 m) moving windows filter. The Rio X continued by the lower Rio Puyo downstream of the 
confluence of these rivers shows the most regular profile. No change in the profile of the Rio X is 
observed at the confluence whereas the gradient of the Rio Puyo abruptly deceases ~3 km upstream 
of this confluence. B: Profiles of the eastern and western branches of the Pastaza starting from the 
divergence area compared with the reconstituted profile of the ‘Rio Pastaza 1906). The present day 
wind gaps well appear using a 5 cells moving window filter and are smoothed by using a 19 cells 
moving window filter. In any case, the profile takes a convex-upward shape in the area where the 
avulsions occurred. Note that both branches of the Pastaza have a steeper gradient than the original 
course. The profile of the transverse Rio Llushin in the front of the cordillera has been added. Although 
being more irregular because of alternating longitudinal and transverse reaches, this profile shows an 
average gradient similar to those of both branches of the Pastaza. C: Long profile and slope of the 
Pastaza (eastern branch) from Mera to the confluence with the Rio Llushin. The gradient appears to 
be steeper in the longitudinal depression immediately downstream of the avulsion site than between 
Mera and Shell where the river traverses the Abitagua cordillera. The slope (blue line) decreases 
between Mera and Shell, then increases in the upper part of the longitudinal depression, and finally, 
decreases toward the confluence with the Rio Llushin. Slopes values are computed with 5 pixels 
segments (blue line). The red lines above and below the blue curve corresponds to the minimum and 
maximum enveloppe curves of slope values. D: Location map of the profiles presented in A, B and C. 
The topographic map is based on the DEM used for profiles extraction.  






















Figure V.C.10: Reconstituted long profiles of the ‘Pastaza 1906’ (black), transverse profile parallel to 
the overall direction of the ‘Pastaza 1906’ (red), and profile along the northern drainage divide (grey). 
A: location map of topograhic profiles represented below. B: The along-divide and river profiles have 
been projected onto the plane of the transverse profile. Wg: wind gap. The double vertical line marks 
the confluence between the Rio X and the Rio Puyo. The single lines are the traces of the transverse 
profiles shown in Fig. 9A.  The top of each line is the elevation of the hinge line between the valley 
flank and the plateau surface. The scale in the bottom of the diagram refers to river and divide profiles. 
The scale on the top refers to the transverse profile. The convex-upward portion of the river profile 
corresponds to the area where the 1906-to-1976 avulsions occurred. This area is situated in a flat-
lying area between the fan and the backtilted plateau surface. The high in the divide profile is a 
residual relief situated 1 km to the north of the river. Elevations in m, distances in km. D: Location map 












EVOLUTION RECENTE DU MEGA-CONE DU PASTAZA 
 
Late Glacial and Holocene avulsions of the Rio Pastaza Megafan 








Dans les Chapitres IV et V, nous avons mis en évidence les liens entre les 
phénomènes géodynamiques actuels et les réponses hydro-sédimentaires et 
géomorphologiques des grandes rivières du Méga - Cône du Napo – Pastaza, (Rio 
Pastaza et Rio Napo). En raison de la disponibilité des données, le chapitre IV parle 
seulement du Rio Napo, alors que le chapitre V est entièrement dédié au Rio 
Pastaza. Ces chapitres nous ont permit de conclure que : 
• actuellement les phénomènes géodynamiques, tels que le volcanisme, 
envoient un apport inattendu de sédiments aux rivières, affectant son 
comportement hydro-sédimentaire, ce qui entraine une réponse 
géomorphologique immédiate, 
• le Rio Pastaza parcoure aussi la Zone Andine comme les plaines 
Amazoniennes. Son cours montre comment les contrôles de la 
géomorphologie fluviale changent selon les unités morphotectoniques 
traversées. Dans la Zone Subandine, le style fluvial et le développement du 
réseau de drainage sont fortement influencés par la tectonique, ce qui peut 
provoquer l'avulsion et même la capture des rivières indépendamment de leur 
taille, débit ou superficie du bassin de drainage. Dans la plaine amazonienne, 
l'influence tectonique est moins forte et la géomorphologie du système fluvial 
est contrôlée par des phénomènes intrinsèques au système.  
 
Tenant compte de ces résultats, le Chapitre VI est une tentative préliminaire de 
reconstruire l'évolution du cône du Pastaza depuis le dernier maximum glaciaire 
(LGM, par ses sigles en anglais) fondée sur la connaissance des réponses 
géomorphologiques et hydro-sédimentaires actuelles reliées aux phénomènes 




 Avulsions Tardi-Glaciaire et Holocènes du Méga-cône du Pastaza 
(Equateur-Pérou) : fréquence et facteurs de contrôle 
 
 





L’étude géomorphologique du Méga-cône du Rio Pastaza (Equateur–Nord Pérou) 
montre la présence de nombreuses traces d’avulsion. La cartographie des chenaux 
successifs du Rio Pastaza à partir de photos satellites et de Modèles Numériques de Terrain 
montre que la majorité de ces avulsions sont des avulsions nodales. 108 nœuds d’avulsion 
ont ainsi été mis en évidence. La localisation de ces nœuds, les âges radiocarbone 
disponibles dans la littérature ainsi que des cartes historiques du 17ème Siècle nous 
permettent de proposer une histoire des migrations et avulsions du Rio Pastaza depuis le 
Dernier Maximum Glaciaire (ou LGM, ~20 000 ans). 
Les premières avulsions du Rio Pastaza se produisent après le LGM, à l’est du 
chevauchement sub-andin, entre les actuels Rio Morona et Pastaza (MPA), sur un corridor 
globalement parallèle au chevauchement sub-andin. Ces avulsions sont à l’origine d’un 
dispositif en éventail encore observable à l’heure actuelle. Le développement de ce réseau 
est interprété comme résultant du basculement vers l’est de la surface située au front du pli 
anticlinal se développant sur le chevauchement sub-andin. Ce basculement progressif rejeta 
le Rio Pastaza vers l’Est jusqu’à son déversement dans la zone située dans la région des 
actuels Rio Tigre et Corrientes (TCA). Selon les datations disponibles dans la littérature, les 
avulsions dans la TCA se produirent  autour de  9200±200 ans et 8480±110 ans Cal BP. Par 
la suite, le Rio Pastaza s’est déversé vers le Sud pour adopter son cours inférieur actuel 
orienté nord-sud. Cette dernière avulsion importante s’est produite avant 1691 Ap. J.C.    
Dans la MPA, la fréquence des avulsions – probablement surestimée – s’échelonne 
entre 142±6 ans  et 189±6 ans. Dans la TCA, la fréquence des avulsions – probablement 
sous-estimée – s’échelonne entre 342±5 ans et 426±10 ans. 
La tectonique régionale semble être le paramètre de contrôle des avulsions dans le 
MPA. Son influence semble être limitée à cette zone. Les facteurs de contrôle des avulsions 
dans le TCA sont moins évidents. Les paramètres de contrôles classiquement invoqués 
dans les mégafans, faisant appel aux caractéristiques du cycle hydrologique des cours d’eau 
susceptibles d’avulser étant en désaccord avec les caractéristiques du cycle hydrologique du 
Rio Pastaza. Le facteur de contrôle de ces avulsions est à chercher ailleurs, notamment 
dans la variabilité de la charge sédimentaire du Rio Pastaza liée à l’activité volcanique dans 
son bassin versant. 
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ABSTRACT The geomorphological study by mean of remote sensing imagery of the Rio 
Pastaza Megafan (Ecuador and northern Peru), reveals the traces of numerous avulsions. 
108 avulsion sites have been defined. The location of these sites, the available radiocarbon 
ages as well as historical maps of the 17th century, enable us to propose an evolution history 
of the migration and avulsions of the Rio Pastaza since the Last Glacial Maximum. The first 
avulsions of the Río Pastaza occurred after the LGM in a zone close to and roughly parallel 
to the sudandean front, where the developed avulsion gave a distributive pattern to the 
ancient stream of the Río Pastaza in an area located between the modern Río Morona and 
Pastaza, where they caused the Rio Pastaza to develop a fan-like distributary pattern. This is 
interpreted as a response to thrust related forelimb tilt, progressively shifting eastward the 
Rio Pastaza and the apex of the megafan. This sequence of events ended with the Great 
Diversion of the Rio Pastaza toward the modern Rios Corrientes and Tigre. Avulsions 
occurred in the Tigre-Corrientes Area between 9200 and 8500 yrsCal BP. Afterward, the Río 
Pastaza was diverted to its present-day north-south course. This last significant avulsion 
occurred before AD 1691. In the area located between the modern Río Morona and Pastaza, 
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avulsion frequency - probably overestimated - ranges between 100 to 200yrs. In the Ríos 
Tigre and Corrientes area, avulsion frequency – probably underestimated - ranges from 300 
to 400 yrs. Regional tectonics is likely to have triggered most of the avulsions in the Morona-
Pastaza area but its influence is restricted to this area. The factors controlling the avulsions 
in the Tigre-Corrientes area are less clear because the frequently described “hydrologic”-
driven avulsion as observed in areas characterized by contrasted hydrologic cycles are 
inconsistent with the characteristics of the hydrologic cycles of the Rio Pastaza. 
 
Keywords : Avulsion, megafan, Amazonia, controlling factors, post-LGM, tectonics 
 
Introduction 
Fluvial megafans form as rivers exit the topographic front of a mountain and play a major 
role in the dispersal of sediments and sedimentation in overfilled foreland basins (Leier et al. 
2005). 
Because of their size and mean slope, megafans constitute specific geomorphic units. 
Whereas smaller-sized alluvial fans involve deposition of successive lobes as the main 
process of sediment accumulation (Blair and McPherson 1992; Schumm et al. 1987), 
sedimentation in megafans is dominated by avulsion and bifurcation of the main streams 
(Bridge and Karssenberg, 2005). Style of avulsions (Slingerland and Smith, 2004) in 
megafans as well as their frequency strongly influences the sedimentation rate and the 
stratigraphic architecture. Numerous studies have been carried out on the typology and 
frequency of avulsion and characteristics of anastomosis in deltas (Törnqvist, 1994; 
Stouthamer and Berendsen, 2000; Stouthamer and Berendsen, 2001), and alluvial plains 
(Nelson, 1970; Saucier, 1994; Autin et al., 1991; Morozova and Smith, 1999; Morozova and 
Smith, 2000). Megafans have been less considered (Gole and Chitale, 1966; Gohain and 
Parkash, 1990; Singh et al., 1993; Assine, 2005; Assine and Soares, 2004). However, 
because of their size, slope and situation in the piedmont of mountain fronts, the question 
arises of the specificity of megafans in terms of causes and triggers of avulsion, and, in 
particular, the balance between tectonics and sedimentary/climatic events.  
This study focuses on the Napo-Pastaza megafan in the northern Andes. This megafan is 
located on the Amazonian foothills of Ecuador and northern Peru, roughly between 2°00 and 
5°00S and between 74°00W and 78°00W. It covers 51 400 km2 (Fig. 1). This study is based 
on the mapping of the successive courses of the Rio Pastaza and its main tributaries, mainly 
from remote sensing and DEM analyses. The aim of this paper is to establish the relative 
chronology, the average frequency and the style of the avulsions in the past 20 000 yrs and 
to discuss the causes and triggers of these avulsions as functions of the different entities 
which have formed the megafan system. Dynamics of avulsion in the Pastaza megafan will 
be then compared with other areas known for frequent avulsions. 
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2 – General setting 
 
2.1 – Geology and geomorphology 
 
 2.1.1. – Structural organization 
The part of the Ecuadorian Andes involved in the Amazonian drainage can be divided into 
4 morphotectonic units which are, from west to east: the Western Cordillera, the Interandean 
depression, the Eastern Cordillera, the Subandean zone and the Amazonian foreland (Fig. 
1). 
The Western Cordillera and Interandean Depression are constituted by Upper 
Cretaceous-Paleogene formations, mainly andesitic (Reynaud et al., 1999; Lavenu et al. 
1992; Kennerley 1980) unconformably overlain by neogene andesitic formations affected by 
late Miocene to early Pleistocene deformations (Lavenu et al., 1992; Barragan et al., 1996; 
Hungerbühler et al., 2002; Winkler et al., 2005) and Quaternary volcanic formations 
(Kennerley 1980; Barberi et al. 1988; Lavenu et al. 1992).  
 The Eastern Cordillera consists in Paleozoic through upper Cretaceous rocks, 
metamorphosed and deformed during late Cretaceous to Paleocene time (Pratt et al. 2005), 
eroded and then blanketed by late Miocene to Pliocene volcanic/volcanoclastic formations 
and Quaternary volcanics (Lavenu et al. 1992). Apatite fission track analyses and U-Th/He 
measurements indicate a moderate to slow uplift from the Miocene to the late Pliocene 
(Spikings et al., 2000; Spikings and Crowhurst, 2004).  
 The Subandean zone is separated from the Eastern Cordillera by the west dipping 
Subandean Thrust fault. The Subandean Zone comprises in the west the Abitagua 
Cordillera, and in the east two thrust-related antiformal thrust stacks (as defined by e.g. 
McClay, 1992), locally known as the Napo and Cutucu “uplifts”, involving Jurassic through 
Neogene formations. These antiformal stacks appear as axial culminations (in the sense of 
Ramsay, 1967 p. 346, Ramsay & Huber, 1987) separated by an axial depression known as 
the Pastaza depression. The Pastaza depression is filled with middle (?) through Upper 
Pleistocene piedmont deposits (Mera formation) which formed the apex of the Mera megafan 
(Tschopp 1953; Baby et al. 1999; Bes de Berc et al. 2005). 
In front of the Subandean Zone the Amazonian basin preserves a sedimentary stack 
ranging from Paleozoic to Oligocene overlying the Brazilian shield. Fluvial aggradation 
occurred there since ~ 22Ma accumulating sediments issued from the west (Christophoul et 
al. 2002; Burgos 2006) to build a very large megafan. This large megafan termed hereafter 
Neogene megafan  corresponds to the present day basins of the left bank tributaries of the 
Rio Maranon (including the Rio Pastaza) and those of the right bank tributaries of the Rio 
Napo. It can be shown that the apex of this fan migrated eastward from the early Miocene to 
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now as a result of the forward propagation of the mountain front (Christophoul et al., 2002; 
Bes de Berc et al., 2005; Burgos, 2006). In the east of the megafan, an elongated flat-topped 
topographic high striking N130°, interpreted to be the exhumed Upper Miocene forebulge 
(Iquitos Arch in Roddaz et al. 2005), appears as an area of no- or limited Neogene 
deposition. The active part of the megafan (the modern Pastaza megafan) is located in the 
south-western side of the Neogene megafan, including the left-bank tributaries of the Rio 
Morona-Santiago, the lower Rio Pastaza, and the right-bank tributaries of the Rios Tigre and 
Corrientes. 
 
 2.1.2 – The Puyo Plateau 
 The ‘Pastaza depression’ appears as a very gentle arch dipping 0.4-0.5° west in its 
central part known as the Puyo plateau. The plateau surface appears as a low angle 
weathered and hardened surface cut through the uppermost Pleistocene Mera megafan 
(Mera surface, Heine, 1994, Heine, 2000; Bes de Berc et al. 2005). The same surface is 
found in the upper Amazonian foreland (Villano surface, Fig. 1 and 2) here it forms another 
but highly dissected plateau. Arching and backtilting of the Puyo plateau as consequences of 
the propagation of the Subandean Frontal Thrust (Bes de Berc et al. 2005) caused 
beheading or diversions of the transverse rivers –  including the Pastaza River –  which 
formerly flowed eastward into the Amazonian plain (Bès de Berc et al. 2005; Burgos, 
2006).The tectonic offset between the Puyo and Villano plateaus reaches ~450m in the 
centre of the arch and decreases progressively sideways. The Mera erosional surface 
formed between ~23-24 14C ky BP which is the age of the younger sediment cut by the 
surface, and ~18 14C ky BP which is the age of the older deposits along rivers incising the 
surface (Bès de Berc et al., 2005). As this period corresponds to the time of deposition of the 
Last Glacial Maximum (LGM) terminal moraines (Heine, 2000) the formation of the surface 
can be ascribed to the LGM. Therefore, arching and backtilting of this surface and the 
consecutive diversion of the Rio Pastaza were younger than the LGM. 
 
 2.1.3. – The Rio Pastaza catchment upstream of the Amazonian domain 
 The Rio Pastaza forms by the confluence of two longitudinal rivers flowing in the 
Interandean Depression (Fig.1 and 2). Downstream of this confluence, the Rio Pastaza 
crosses the Eastern Cordillera along a deep (> 2200 m) and narrow transverse valley (Fig. 
1). In the Subandean Fault Zone and the western Puyo plateau, the Pastaza valley becomes 
much wider and shallow showing stepped degradational terraces (Bes de Berc et al. 2005). 
In the central Puyo plateau, the Rio Pastaza traverses a preserved Pliocene volcanic 
complex. The overall flow direction is there toward the south-southeast. The area of the 
Pastaza catchment upstream of its debouchement in the Amazonian plain is 13 700 km2. 
Measurements of vertical incision rates in the Eastern Cordillera since the LGM have given 
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values ranging from 0.5 to 0.67 cm year-1, increasing from the LGM to now, resulting from a 
rapid uplift, up to 1 cm year-1 in front of the Abitagua cordillera (Bès de Berc et al., 2005). The 
deep incision of the Eastern Cordillera by the Pastaza valley indicates that a rather rapid 
uplift of at least 2 mm year-1 succeeded the Miocene through middle Pliocene period of slow 
denudation and uplift evidenced by the Apatite fission tracks analyses and U-Th/He 
measurements of Spiking et al. (2000) and Spiking and Crowhurst (2004). Denudation rate, 
greater than ~0.2 mm year-1 in average and locally as high as 0.4 mm year-1, have been 
obtained in the Eastern Cordillera by Vanacker et al. (2007) from cosmogenic radionuclide 
(10Be) studies.  
 
2.2 – Climatic setting 
 
 2.2.1 – Late Pleistocene and Holocene climate 
 Several authors (Hastenrath, 1981; Hastenrath and Kutzbach, 1985; Heine and 
Heine, 1996; Heine, 2000) consider the LGM to have been a cooler and more arid period 
responsible for the lack of sediment in the Brazilian lowland between 24 and 17 ky (Ledru et 
al.; 1998) whereas Seltzer et al. (2002) indicate cool but wet conditions from 30 to 15 ky in 
the Peruvian Altiplano. In Ecuador, the LGM moraines are 14C dated between 25 and 15 ky 
although the maximum extent of glaciers is inferred to have occurred between 30 and 25 14C 
ky BP (Heine, 2000). According to the latter author, the retreat of glaciers between 25 and 16 
14C ky BP was due to glacier shrink because of increased aridity (increased insolation and 
decreased precipitations) and not to warming (Heine, 2000). Increased aridity can explain the 
development of an erosion surface involving soil creeping and sheetflooding rather than 
fluvial incision and transport (e.g. Leeder et al., 1998). In the southern interandean 
depression, pollen analyses indicate that climate was cooler and moister than today during 
the late-glacial period (17 – 11 cal. ky BP, Rodbell et al., 1999; Hansen et al., 2003). 
However, the vegetational changes in the Interandean Depression may have been 
influenced by winds from the west as well as from the east (Hansen et al., 2003) and these 
results are not necessarily applicable to the Amazonian basin much more influenced by the 
humid Atlantic winds. 
For Clapperton et al. (1997) a significant re-advance of glaciers occurred during the 
Younger Dryas (11 to 10 14C ky BP) whereas for Heine and Heine (1996) and Heine (2000) 
this advance of glaciers took place at least 500 years later.  
The climatic data for the Holocene have been inferred from vegetational changesin the 
Interandean Depression (Rodbell et al., 1999; Hansen et al., 2003) and in the northern side 
of the Neogene megafan (Yasuni National Park, northeast of Ecuador, Weng et al., 2002). 
Weng et al.’s (2002) palynological studies  indicate that tropical rain forest has developed 
throughout the Holocene with minor climatic oscillations. According to these authors, severe 
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droughts occurred in the period 8700-5800 cal years BP, which should be correlated with 
other records from Amazonia, adjacent savannas and the Andes (Hastenrath and Kutzbach, 
1985; Frost, 1988; Behling and Hooghiemstra, 1998, 1999). This “dry” period was succeeded 
by more uniform and wetter conditions with alternating wetter and drier millennial-scale 
events (Weng et al., 2002).  
 
 2.2.2 – The ENSO events 
ENSO (El Nino Southern Oscillation) events have been recorded in Ecuador and 
neighbouring areas since the late Pleistocene. According to Keefer et al. (2003) studying 
deposits in the Pacific side of the Northern Peruvian Andes, 10 severe ENSO events 
occurred between 38,200 and 12,900 cal. years. In the southern Interandean Depression of 
Ecuador, Rodbell et al. (1999) and Moy et al. (2002) studying storm-induced lake deposits 
found that ENSO events became significant only after ~5 ky BP, with highest spectral density 
and frequencies between ~3.5 and 2.6 ky and during the last 660 years. The reduced ENSO 
activity should be correlated with the severe droughts of the period 8700-5800 cal years BP 
inferred by Weng et al. (2002) whereas the increased ENSO activity should be correlated 
with the following wetter period. The 17th and 20th centuries are also characterized by very 
strong ENSO events (Cobb et al. 2003; Keefer et al., 2003) and the last very severe events 
occurred in the years 1982-1983 and 1997-1998.   
The recent and historical ENSO events generated floods and steep-sloping hillslope-toe 
landslides on the western slopes of the Western Cordillera, an area that is normally much 
less humid than the Eastern Cordillera and Amazon basin (Demoraes and d’Ercole, 2001). In 
contrast, in eastern Ecuador continuously submitted to the humid Atlantic winds no unusual 
floods were signalled during the 1982-1983 and 1997-1998 events. Similarly, no catastrophic 
floods have been registered for the 17th century events in the catalogue of major historical 
disasters in eastern Ecuador with the reserve that chronicles of that time seem to have been 
little concerned with eastern Ecuador.  
  
2.3 – Tectonic activity 
  
 2.3.1 – Recent and active tectonics 
In the Interandean Depression, late Miocene to early Pleistocene syntectonic deposits 
have been recognized and dated by means of K-Ar and U-Th/He measurements  at 8.5 – 7.9 
Ma to 1 Ma (Lavenu et al., 1992; Kennerley, 1980; Barberi et al., 1988; Barragan et al., 1996; 
Hungerbühler et al., 1995; Winkler et al., 2005).   
In the Eastern Cordillera, the deformation affects the widespread volcanic and 
volcaniclastic Pisayambo formation aged of 9-10 to 6 Ma (Lavenu et al., 1992; Barberi et al., 
1988), and lavas issued from volcano Altar aged of less than 3.5 Ma (Lavenu et al., 1992), 
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which indicates that the deformation is younger than 3.5 Ma. Apatite fission track analyses 
and U-Th/He measurements in the western Eastern Cordillera indicate a slow to very slow 
(when compared with other active ranges) denudation rates from the Miocene to the late 
Pliocene/early Pleistocene (Spikings et al., 2000; Spikings and Crowhurst, 2004). Since the 
Rio Pastaza has incised the eastern Cordillera more than 2000m (Fig.1), these results 
support the interpretation that deformation and related uplift of the Eastern Cordillera was 
Pleistocene in age.  
In the frontal Eastern Cordillera and the Subandean Zone, a tectono-sedimentary and 
geomorphic study supported by 14C dating indicate a tectonic activity related to the 
propagation of a low angle thrust ramp from at least the middle Pleistocene to now (Bès de 
Berc et al., 2005).  
 
 2.3.2 – Earthquakes 
In the Harvard Catalog 30 earthquakes with magnitude Mw ≥ 5 were registered between 
1976 and 1999 in eastern Ecuador, with two events ≥ Mw7 (Mw7.1, 03/06/87; Mw7.0, 
10/03/95), the latter being attributed to the activity of the Cutucu frontal thrust (Yepes et al., 
1996). 30 historical events with intensity ≥ VIII have been recorded between AD1541 and AD 
1995 (IGEPN, 1999). One event of intensity XI has occurred in AD1797 (MsNOAA 
magnitude 8.30, NOAA Catalog, U.S. Geological Survey, 2003), and two events of intensity 
X in AD1698 (MsNOAA magnitude 7.70) and AD1949 (MsNOAA magnitude 6.80).  Most of 
these events are situated in the Eastern Cordillera and the Subandean Zone. The rare 
events situated under the Pastaza megafan were deep events which are likely to have had 
no influence on the drainage network.  
  
2.4 – Landslides 
Earthquakes-triggered landslides were observed in the Eastern Cordillera such as those 
triggered by the 5 March 1987 M~7 event (Hall, 1991). In eastern Ecuador, the major 
landslides not triggered by earthquakes were independent of the ENSO events (for example, 
the La Josefina landslide, the greatest known in Ecuador, occurred in 1993, Demoraes and 
D’Ercole, 2001). Moreover, no landslides related to the severe and frequent 17th century 
ENSO events are registered in the catalogue of major historical disasters and no landslide 
formed during the 1982-1983 and 1997-1998 events (Demoraes and D’Ercole, 2001). 
Whatever their trigger, the sediments delivered by these major landslides were incised and 
entirely removed by rivers a few days after the disaster (e.g. Hall, 1991) with no avulsion 
observed downstream. In any event, no major landslides have been registered in the valleys  
of the Rio Pastaza and major tributaries, and a careful observation of satellite images and air 
photos has shown no well characterized landslide scars in the upper Pastaza basin. 
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2.5 – Volcanic eruptions 
Ecuador is characterized by 20 active volcanoes (e.g. Hall, 1977; Hall and Beate, 1991; 
Hall et al., 2008). Four of the most important active or recently active volcanoes, 
Chimborazo, Cotopaxi, Tungurahua, and Sangay are within, or at the boundary of, the 
Pastaza drainage basin (Fig.1).  
Chimborazo volcano was active in the late Pleistocene (Hall and Beate 1991; Barba et al., 
2008) and the Holocene (between about 8000 and 1000 years ago, Barba et al., 2008). The 
first two of the major Holocene events generated large pyroclastic deposits and thick lahars. 
Pyroclastic deposits are described for 5 other major eruptions occurring until the 5th to 7th 
centuries (Barba et al., 2008). 
Cotopaxi volcano had numerous eruptions producing andesitic scoria and pumice ash 
flows, blocky lava flows, and lahars (~30 eruptions since 1530, Hall, 1977). At least four 
rhyolitic eruptions occurred during the past 10 000 years. A very large (~71 000 m3) debris 
flow (lahar) occurring ~4500 years ago flowed >130 km east and south into the Rio Patate 
valley. The initial dry volume has been estimated to ~2 km3. The most distinctive lahar 
deposits of the historical period occurred in 1877 and in the 18th century. Since 1906 only 
small eruptions are signalled with limited ash falls or pyroclastic flows (IGEPN, 2009) 
although renewed seismic activity has occurred since 2001 (Molina et al., 2008). Modelling of 
lahar flows indicate high discharge rates (~15,000 m3s-1, Castro et al., 2006). 
Tungurahua volcano has been active since at least the late Pleistocene. Tungurahua II, 
mainly composed of andesite lava flows younger than 14 ky BP, was partly destroyed by a 
collapse event, 2955 ± 90 years ago, which produced a 8-km3 avalanche on a distance of ~ 
20 km and a large lahar (Hall et al., 1999). The eruptive activity of the present volcano 
(Tungarahua III) commenced in the period ~2300 – 1400 years BP (Hall et al., 1999). Lava 
extrusions and pyroclastic flows occurred since the 14th century, notably in 1773, 1886, 1916-
18 and 2006-08 (Le Pennec et al., 2008; IGEPN, 2009). During the 1916 and 1918 eruptions, 
large amounts of ashes and lapillis were transported by Pastaza’s tributaries (IGEPN, 2009). 
An ash layer of ~6x106m3 was deposited in August 2001 near Baños and the Patate/Chambo 
confluence (Le Pennec et al., 2008).  
Sangay volcano is the most active volcano in the Northern Vocanic Zone of the Andes 
and a permanent explosive activity has been observed since 1628 with an average 
recurrence time of large eruptions of less than 50 years. The early Sangay III lava flows are 
older than LGM moraines (Monzier et al. 1999). The activity is of a Strombolian type with 
block and ash explosions, ash falls, pyroclastic flows and lahars (see Monzier et al., 1999).  
The direct impact of these eruptions on the Amazonian Pastaza system is difficult to 
appreciate. For example, the 4500 years-old lahars generated at the Cotopaxi cap, although 
gigantic, are not observed downstream of the Patate – Chambo confluence. The lahars 
produced by the 3000 years BP sector collapse of the Tungurahua have been observed in 
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none of the terraces of the Rio Pastaza downstream of the immediate proximity of the 
volcano (Bès de Berc et al., 2005). The large historical pyroclastic flows of the Tungurahua 
have been largely contained within the channel cut by a tributary to the Pastaza and did not 
reach this river (Stinton and Sheridan, 2008). However, in the upper Pastaza valley, near 
Baños, the T2 terrace covered with a lava flow dated between ~2200 and ~1500 14 C years 
BP (Hall et al., 1999) overlies fluvial deposits made of reworked volcanic material (Bès de 
Berc et al., 2005). Volcanic material reworked by fluvial transport has also been observed in 
a low terrace cut into the Middle Pleistocene volcanic hills of the Puyo plateau (Burgos et al., 
unpublished). Deposits from the eastern flank of Sangay III have been stocked in the Sangay 
fan (Monzier et al., 1999) and it is unlikely that more than a minor part of these deposits was 
introduced en masse into the Pastaza network after each eruption. 
The volume of material input by the volcanic eruptions in the Pastaza network is more 
difficult to estimate because only the volume of exceptional or recent events has been 
calculated. The volumes of material for these exceptional events are ~<2 km3 for the 
Chimborazo; 2.5 km3 for the Cotopaxi giant lahar to which could be added a volume of ~4 
km3 representing the 4 rhyolitic eruptions signalled by Mothes et al. (1998); the ~3000 years 
BP sector collapse of the Tungurahua II mobilized 8 km3 to which could be added associated 
lahars. The numerous eruptions of lesser importance mobilized much smaller volumes of 
material. If we assume that each of these eruptions provided approximately the same 
quantity of material as the 2006 eruption (~5 10-3 km3), and that the frequency of eruptions 
has remained similar to that of the historical ones, then the 30 eruptions have given no more 
than ~0.15 km3. This gives a total volume of less than 20 km3 to which must be added the 
volume of the Sangay deposits which have not been stocked in the Sangay fan. 
 
3 – Material and Methods  
The avulsions in the Pastaza megafan have been studied by means of remote sensing 
image analysis because of its size and of the inaccessibility of the greatest part of the area.  
Moreover, the high density of the vegetation and the low topographic amplitude of alluvial 
ridges make field identification of abandoned fluvial morphologies difficult.  
This study was performed using Landsat and ASTER images and SRTM DEM. The set of 
Landsat images used in this study is summarized in Table 1.  
The MrSIDTM Landsat 7 images, correspond to a mozaic of 58 images acquired on a 
period ranging from 1999 to 2001 (see Table 1). These mozaics extend north-south over 10 
degrees of latitude, and span east-west for the full width of the UTM zone.  
These images are processed to change the Landsat spatial resolution (30m) of the 
multispectral composition. First, TM7 Band (midle-infrared), is displayed as red, TM4 band, 
near-infrared band, is displayed as blue and TM2 band, green band, is displayed as green.   
The initial pixel size of these bands (~30m) is then reduced using cubic interpolation to the 
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spatial resolution of the panchromatic band (TM8, ~15 m).  
The process follows with calculation of the Hue-Saturation-Intensity schemes for the 
multispectral images. The multispectral image is reconstructed from the Hue-Saturation 
schemes and the intensity scheme is replaced by the TM8 panchromatic band. The resulting 
sharpened image combines the spatial resolution of the panchromatic band (~15m) with the 
radiometric characteristics of the 30 meter data, which allows the preservation of high 
frequency details.  
MrSID Landsat 5 images have a lower resolution of around 30m. The mosaic corresponds 
to 78 images with a period ranging from 1986 to 1994 (Table 1). 
 For detection of soil moisture and vegetation changes we used ASTER images that 
have higher accuracy. This sensor acquires four bands on VNIR spectral domain, 6 band on 
the short-wave infrared (SWIR) and 5 band on the Thermal domain (TIR). The spatial 
resolution of the sensor decrease with the wavelength: 15m on VNIR domain, 30m on SWIR 
and 90m in thermal domain. As for Landsat 7 image, the SWIR and TIR resolution was 
improved using the same process of image sharpening using high spatial resolution of VNIR 
bands (i.e. 15m). 
The spectral response of vegetation is characterized by a high reflectance level in the 
near-infrared region (NIR from 700 to 1400 nm, Baret and Guyot 1991). In western 
Amazonia, botanical studies have determined that changes in the abundance of vegetation 
(palm flora) are related to topography and soil drainage conditions (Montufar and Pintaud, 
2006). 
 Vegetational changes are organized in very bright, more or less sinuous, bands, ~1 
kilometre-wide and 10 to 100 kilometres long like those shown in Figure 3. These narrow and 
sinuous bands are interpreted as abandoned streams along which vegetation is absent or 
recent. The absence or the recent development of vegetation may be a result of the recent 
abandonment. Vegetational changes may have also been caused by changes in the draining 
properties of soils due to the presence of coarser-grained sedimentary bodies such as 
channels and alluvial ridges. 
We used also radar images which have interesting capabilities of vegetation penetration 
of the microwaves. This penetration capability increased with the wavelength, in our studied 
area ground penetration can not occur due to soil moisture. In some case, when the gallery 
forest covers  abandoned channels we used JERS radar images which permit to evidence 
hidden fluvial channels for the optical (s.l.) Landsat and Aster images. Another interesting 
property of the radar wave penetration is its capacity to cross the clouds.  
To supplement this study we also used the Shuttle Radar Topography Mission DEM 
(SRTM V3 with three arc second of spatial resolution). Its vertical accuracy is around 10-15m 
depending on topographic gradient, vegetation cover, tropospheric humidity (Welch and 
Marko 1981; Lang and Welch, 1994). 
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Geomorphologic studies using SRTM data have demonstrated its efficiency (Potts et al., 
2008; Zandbergen, 2008; Guth, 2006 and among others). For Amazonian morphology, 
Rosseti and Valeriano (2007) starting from the example of the Amazon estuary in Brazil 
demonstrate the pertinence of using SRTM DEMs for mapping abandoned streams and 
other geomorphic features in low relief, highly vegetated, low areas such as rain forests. 
 
4 – The modern Pastaza megafan complex 
The present-day Pastaza megafan is situated in the southwest side of the Neogene 
megafan to the southeast of the Puyo plateau and covers 51 400 km2, which is an area much 
larger than that of the catchment of the Rio Pastaza (13 700 km2, see above). The Pastaza 
megafan appears as a marked topographic high within the Amazonian plain. In this respect, 
it is similar to the smaller-sized megafans identified in the Bolivian piedmont (Horton and 
DeCelles 2001), and differs from most of the distributary areas of the Amazonian lowlands 
such as the Rio Beni plain in Bolivia (Dumont 1996) which are depressed areas. 
The modern megafan complex is bounded by the Rio Mangosiza/Morona to the west, the 
upper Rio Tigre valley and the Iquitos arch to the northeast, and the Rio Marañon to the 
south (Fig. 1). This megafan is formed by the left-bank tributaries of the Rio 
Mangosiza/Morona, the lower Pastaza basin, the lower Corrientes and lowermost Tigre basin 
(downstream of the Tigre – Corrientes confluence), and the tributaries to the Rio Marañon 
situated in the triangle between the Pastaza and Tigre/Corrientes basins.  
The apex of the megafan complex is situated at the debouchement of the Rio Pastaza 
from the Puyo plateau (Fig. 1). The proximal part of the fan has a 3 m.km-1 mean slope 
whereas, in the same area, the Rio Pastaza has a lower slope of 2 m.km-1 (C in Fig. 4). 
There, the Rio Pastaza has an overall NW-SE direction and exhibits a multi-channel pattern 
with a high braiding parameter. In front of the Cutucu dome (Cangaime anticline), all the 
streams between the Rios Mangosiza and Cangaime, either tributaries to the Pastaza or to 
the Mangosiza/ Morona, exhibit a more or less accentuated curved pattern. This region will 
be termed hereafter Mangosiza-Cangaime area (MCA), (Fig.1, 2 and 4). 
The middle part of the megafan system has a 0.5 m.km-1 slope and the Rio Pastaza has a 
0.3 m/km slope (reach D on Fig. 6). The Rio Pastaza is there a single channel low sinuosity 
meandering stream flowing toward the south. The change in flow direction of the Rio Pastaza 
from southeast to south will be termed hereafter the “Great Diversion of the Rio Pastaza” 
(GDP), (Fig.1and 8)  
 In this middle megafan complex, three regions may be distinguished. In the southwest, a 
parallelogram-shaped abandoned megafan well-apparent in the Landsat images constitutes 
the present day drainage divide between the Morona and Pastaza basins (Fig.1). This region 
will be termed hereafter Morona Pastaza Area (MPA). In the southeast, another system, 
partly abandoned, includes the present-day lower Corrientes /Tigre basins. This region will 
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be termed Tigre-Corrientes area (TCA). Between the MPA and the TCA, a large WNW-ESE-
trending abandoned flood plain join the upper southeast-flowing reach of the Rio Pastaza to 
the Rio Corrientes. This area will be termed Pastaza-Corrientes transition band (PCTB). The 
NW-SE section of the modern Pastaza valley having the same direction as this abandoned 
floodplain and showing similar abandoned alluvial ridges is to be included in the PCTB.  
The distal part of the megafan complex consists in a huge floodplain made of swamps, 
forested areas and open water areas with a very low regional slope (0.3 m.km-1) and river 
slope (0.2 m.km-1). In this distal fan part the Rio Pastaza exhibits an anastomosing pattern 
(Fig. 4, reach E). Its course is there markedly oblique to the general stream direction which is 
south-southeast to southeast. The lower order streams form anastomosed channels but 
remnants of former meandering reaches are frequently observed.  
 
5 – Avulsions in the Pastaza Megafan complex 
Numerous avulsions have been recognized in the different areas defined in the modern 
Pastaza fan (Figs. 2).  
  
5.1 – Avulsion relics in the MPA 
The MPA corresponds to the elongated abandoned megafan now forming the drainage 
divide between the Morona and Pastaza basins well apparent in the satellite images. The 
active streams that reoccupied some of the abandoned channels are still arranged as a low 
angle distributary pattern rising from the megafan ridge. The area of the abandoned alluvial 
fan is~13,750 km2, greater than the well-known Kosi megafan, northern India, which is only 
~10,000 km2. Volume estimate by means of an integration of transverse profiles yields a 
minimum value of 140 km3. The MPA fan apex is situated in the north-northwest, at ~30 km 
to the south of the modern Rio Pastaza in the area then occupied by the curved streams of 
the eastern MCA. In the northwest (Fig. 3A), paleochannels are amalgamated and difficult to 
distinguish in Landsat images and SRTM DEM unless where re-occupied by active streams. 
There, alluvial ridges appear quite rectilinear (3 on Fig. 3A). Meander loops are visible (2 on 
Fig. 3A) but their sinuosity is moderate (2 in Fig. 3A) and constant over the whole area 
(S~1.2).   
In the median part of the MPA fan (3 on Fig. 3A), the paleochannels are not amalgamated 
and the morphology of alluvial ridges is much easier to characterize. Ancient streams display 
sub-parallel patterns and are frequently reoccupied by right bank tributaries of the modern 
Pastaza and the left-bank tributaries of the modern Rio Morona (Fig. 1 and 3C). Three types 
of reaches may be observed: (1) ancient reaches characterised by a reduced contrast 
between the valley and the forested floodplain; (2) recently abandoned reaches with a 
marked contrast between valley and floodplain; (3) abandoned reaches re-annexed, entirely 
or partly, by present-day rivers. These channels/alluvial ridges have a moderate sinuosity 
 217
(but the modern streams that reoccupy these channels are much more sinuous), diverging 
channels are frequent and may have switched into adjacent ones (2 on Fig. 3A) as frequently 
observed in alluvial megafans (e.g. Wells and Dorr, 1987, in the Kosi megafan). True 
rejoining channels (i.e., channels rejoining those channels from which they diverged see 
Slingerland and Smith, 2004) are rare. 44 avulsion sites involving two recently abandoned 
reaches or involving recently abandoned and presently active reaches have been numbered 
in the MPA (Fig. 3). Avulsion sites between older reaches or difficult to locate are mapped as 
‘supposed avulsion sites’. 12 of these ‘supposed’ avulsion sites have been numbered in the 
MPA.  
In the south where slopes are shallower, diverging/rejoining channels forming 
anastomosed patterns are observed, in particular the lowermost Pastaza River. Swampy 
areas are frequent in this area except a topographically higher triangular plateau close to the 
Pastaza-Marañon confluence representing a remnant of the Villano surface.  
 
5.2 – Avulsion relics in the MCA 
In this area, the abandoned channels of the Rio Pastaza are numerous and identified 
using radiometric contrasts in the vegetation. Ancient alluvial ridges have been re-annexed 
by underfit streams, which makes easier their identification in the SRTM DEM. Re-
occupation of pre-existing channels by underfit stream has been described as characteristic 
of a post-avulsion evolution of an abandoned reach (Bristow 1999).  
The area to the east of the Cangaime anticline is characterised by a southward regional 
slope and a gently domed topography (Fig. 5). The principal rivers which appear as underfit 
streams having annexed ancient alluvial ridges describe a curved path around the forelimb of 
the anticline, those situated in the west incising the frontal dome and those in the east 
contouring it (1 on Fig. 3A and Fig. 6A). Incisions by these rivers are equal to, or exceed 10 
m (Fig. 5). The rivers in the south west are issued from the west or the northwest and 
traverse the Cangaime anticline through transverse water gaps. The rivers situated in the 
centre or in the west of the dome are issued from the north of the anticline, in the area 
separating the anticline from the Puyo plateau, near the debouchement of the Pastaza. 
Several abandoned paths of the Rio Pastaza have been recognized in this area. Path #1 (Fig 
6A and B) appears as a gentle convex to east curve parallel to the anticlinal front. This path 
is the oldest one, for it joins the highest terrace on the right bank of the Rio Pastaza. Its 
uppermost part cut the nose of the Cangaime fold through a water gap. This water gap is 
abandoned at the junction with the upper terrace where it is prolonged by a wind gap. Path # 
1, except its uppermost part (the wind gap) is now reoccupied by the Rio Macuma which 
comes from the Eastern Cordillera after having formed a 180° loop at the tip of the western 
Cutucu dome (Bès de Berc, 2003). Path #2 (Fig. 6) leaves path #1 immediately to the south 
(Fig. 6A) and forms a tighter valley rejoining path #1 ~30 km downstream. Path #3 is derived 
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from path 1 through an avulsion site located upstream of the 1-2 site (a in Fig. 6A).  Another 
avulsive branch leaves path # 2 at point b to follow a new course which corresponds to a 
section of the present-day Rio Pastaza flowing toward the east-southeast (path # 4). Near 
point c, another abandoned stream is observed connecting the Pastaza and path #3 (path # 
4). The present course of the Pastaza toward the southeast (path # 5) thus appears as a 
result of the last avulsion. In any event, avulsion 4 (point c) was younger than avulsions 1 to 
3, for the bifurcation between paths #4 and #5 is observed on a lower terrace. Paths # 1, # 4, 
and # 5 follow meandering valleys whereas path # 3 forms a low sinuosity valley. This low 
sinuosity valley contrasts with the high sinuosity and the low amplitude of the meander loops 
of the underfit stream which reoccupied it. No wide valley seems to have been ever formed 
by path # 2 but a series of curved tributaries is observed in LANDSAT images suggesting 
repeated partial avulsions giving rise to short-lived avulsive streams. The wide meanders of 
path # 4 having amplitude and bed width of the same order of magnitude as the present 
channel but higher sinuosity are well apparent in the LANDSAT images and the SRTM DEM 
at the vicinity (~8 km) of the present course of the Pastaza (path # 5). Meander mosaics 
preserving preferentially meander loops convex to the west are observed locally in the west 
of path # 4 whereas a vegetated band free of meander (Fig. 1) remnants separates path # 4 
and path # 5 (the present Rio Pastaza). 
  
5.3 – The avulsions in the PCTB and the Great Diversion of the Pastaza 
Landsat images and the transverse profiles extracted from the SRTM DEM (Fig. 5) show 
that a large WNW-ESE-trending abandoned valley joins the upper southeast-flowing reach of 
the Rio Pastaza to the Rio Corrientes in continuation of the Pastaza valley. Downstream, i.e., 
south of the GDP (Fig. 2 and 7), the Pastaza valley narrows significantly, which confirms the 
abandon of the former wide valley which assured the transition between the MPA/MCA and 
the TCA. As in the northern TCA, a succession of avulsions and channel rejoinings formed 
anastomosed channel patterns, now abandoned, in the present Pastaza floodplain as well as 
in the Pastaza-Corrientes abandoned valley. The multi-channel pattern shown by the 
present-day Pastaza in this area (downstream of the GDP) may represent the last 
expression of this process. Therefore, the PCTB, including the NW-SE reach of the Pastaza 
can be considered as an avulsion belt (Slingerland and Smith, 2004). It is worth nothing that 
the multi-channel pattern of the Pastaza disappears downstream of the abandon and the Rio 
Pastaza resumes a meandering course for an along-valley distance of more than 150 km.  
In the east of the PCTB, 8 avulsion sites including the 4 ones having led to the present-
day course of the Pastaza have been defined. In the west, 7 avulsion sites have been 
defined. The present southward bend of the Pastaza (GDP) resulted from the last of these 
avulsions (Fig. 1).  
Immediately downstream GDP, the 1990 Landsat image (Fig.1) shows an oxbow-shaped 
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swampy area appearing in a blue-green colour in the outer arc of the present-day bend, in 
geometrical continuity with the abandoned valley. This feature, less apparent in the 2000 
image, suggests an ancient left-hand open curve cut through by the Pastaza. The SRTM 
DEM indicates that the bottom of the present Pastaza valley is there lower than the swampy 
area. A similar though smaller-sized feature is observed 25 km to the south (Fig.1). There, 
the present Pastaza channel diverged from a convex-eastward loop appearing in a bright 
light green to form a convex-westward curve flowing close to the abandoned channel without 
rejoining it.  In both cases, the Pastaza thus appears as having incised through its proper 
valley to achieve the avulsion (avulsion by incision after Slingerland and Smith, 2004). It 
should be pointed out that downstream of the PCTB, the DEM profiles and the presence of 
swampy areas on both sides of the river bed indicate that the Rio Pastaza exhausted its bed 
instead of incising it as in the north. This uplift of the Pastaza has for effect to separate the 
eastern portions of previous southeast-flowing rivers now dying out into the swampy fringes 
of the right side of the Pastaza alluvial ridge from their western counterpart now rising from 
the swamps of the left side of this ridge. 
 
5.4 – Avulsions in the TCA 
The TCA is composed of two parts. The northern part (upper and middle Corrientes) 
shows distributary / rejoining alluvial ridges settled in a wide (up to ~70 km) floodplain, giving 
rise to anastomosing channels which characterize partial avulsions (see definitions and 
terminology in Slingerland and Smith, 2004). The modern and ancient alluvial ridges are 
distinguished by contrasted spectral responses as shown by the example of the Rio 
Corrientes at the vicinity of the north-eastern boundary of the area (Fig. 3B). Abandoned 
alluvial ridges (1 and 2 in Fig. 3B) have in general a brighter response and sharp boundaries 
strongly suggesting that vegetation was younger, and therefore that the avulsions were 
younger, than in the MPA. The abandoned channels, however, have a more or less bright 
green response (indicating a more or less recent vegetation growth) which can be interpreted 
as a succession of abandonments and avulsions. The alluvial ridges in the TCA are linear as 
in the MPA but the sinuosity of the ancient channels seems to have been higher (~1.7). 
Recent meandering streams such as the modern Rio Corrientes may reoccupy the larger 
abandoned channels (3 in Fig. 3B). 18 avulsions sites have been numbered in this northern 
part of the TCA.  In the middle part of the TCA two avulsion belts may be distinguished: the 
lowermost Rio Corrientes belt trending west-east in the northeast and the Cuinico belt 
trending northwest – southeast in the southwest. 
The southern part of the TCA is fan shaped showing modern and ancient distributaries 
joining the Rio Marañon or the lowermost Rio Tigre. Landsat images show two interfering 
fans well apparent in the arrangement and shape of the numerous swamps of this region 
(Fig. 1). This pattern is less obvious, however, when only the alluvial ridges and well defined 
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channels are considered (Figs. 1 and 3).The modern and abandoned channels are mostly 
parallel, even though more sinuous channels are observed in the upper part. Well-
characterized avulsions are less frequent than in the north (9 avulsion sites) even though 
some of the channels are anastomosed.  
 
6– Chronology, age and frequency of avulsions 
The observations above may arrive to a relative chronology of the major avulsions. The 
radiocarbon ages available in the literature (Räsänen et al. 1992; Räsänen et al. 1990; Bes 
de Berc et al. 2005) help us to constrain the ages of the avulsions in the areas of the 
Megafan. In the entire Pastaza megafan complex, 108 avulsion sites have been identified, 
representing an avulsion frequency of 0.51±0.06 / 100 years and an average recurrence time 
of ~200 years (196±2yrs and 240±3yrs if we except the ‘supposed’ avulsion sites) (Table 2). 
However, as shown above, the type and origin of avulsions are quite different in the areas we 
have distinguished and this value is only indicative. 
 
6.1 – Avulsions in the MCA/MPA and western PCTB 
The first entity to have developed was the MPA megafan (Fig. 8A) where the channels, 
though re-annexed, were abandoned a long time ago as shown by their subdued spectral 
response. The brighter spectral response of the abandoned channels in the TCA indicates 
that the abandon was younger than in the MPA. This is confirmed by the fact that the 
eastward avulsions in the MCA from which originated the channels of the PCTB area and the 
TCA derived from the southward-flowing paleo-Pastaza which fed the MPA megafan. The 
curved streams of the MCA appear to be superimposed on the apex of the MPA megafan 
and can be thus considered to be younger.  In terms of ages, the apex of the MPA megafan 
being situated at the debouchement of the Rio Pastaza from the Puyo plateau, the formation 
of this megafan and the avulsions therein are younger than the diversion of the Pastaza in 
the Puyo plateau. This diversion being a result of arching and backtilting of the plateau 
surface (Mera surface), the MPA megafan was younger than 17,920±100 14C years BP (Bes 
de Berc et al., 2005), or ~21,160±260 cal. years BP according to Reimer et al.’s( 2004) IntCal  
calibration. 
The relative chronology between the MCA and the PCTB avulsions is less easy to 
establish. However, if we take into account the chronology of avulsions and the outward 
progression of the curved stream network pattern in the MCA on one hand and the 
chronology of avulsions in the western PCTB on another hand, it appears that the last 
diversion in the MCA corresponds to the first diversion in the PCTB (Fig. 8B). Therefore, one 
can consider that the avulsions in the MCA are older than those in the TCA. Ages of 
9200±200yrs and 8480±110 Cal yrs BP have been obtained by (Räsänen et al. 1992) in the 
floodplain of the Rio Corrientes in the northern TCA. The development of this floodplain 
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being a result of the avulsions at the origin of the TCA, the abandon of the MPA was older  
than 9200±200yrs Cal yrs BP.  
If we group the avulsions older than the first occupation of the TCA floodplain, i.e., those 
in the MPA, the MCA, and the PCTB, 84 avulsion sites have been defined, including 17 
‘supposed’ sites. If the date of 8480±110 Cal. years BP is considered as the age of the first 
occupation, then the frequency is ~0.66±0.2 / 100 years and the recurrence time is ~150 
years (142±6 years accepting all sites and 179±7 years excepting the ‘supposed’ sites).  
Assuming a first occupation age of 9200±200 Cal. years BP, the frequency is ~0.7 / 100 
years and the recurrence time is ~170 years (151 ± 4 yrs accepting all sites and 189±6 yrs 
excepting the ‘supposed sites’). 
 
6.2 – Avulsion in the TCA, eastern PCTB and modern Pastaza 
As shown above, avulsions in the TCA occurred around 9200±200 Cal. years BP and 
8480±110 Cal. years BP, The last avulsion to occur in the PCTB was the diversion to the 
south of the Pastaza “Great Diversion” leading to the abandon of the eastern PCTB and the 
TCA (Fig. 8D). As a consequence, Avulsions in the eastern PCTB are supposed to have 
occurred after the last avulsions in the TCA ( 8480±110 Cal. years BP).  The overall present-
day course (and thus the “great diversion”) of the Pastaza is figurate in a map published in 
1691 (Samuel Fritz map reproduced by Gomez 1994), indicating that the “Great Diversion” 
was older than AD 1691.  
In the TCA and the eastern PCTB, 26 avulsion sites have been numbered. If the date of 
8480±110 cal. years BP was that of the first occupation of the eastern PCTB and TCA and 
the date of 1691 AD that of the last avulsion, the avulsion frequency were ~0.31 / 100 years 
and the recurrence time reduces to ~350 years (342±5 years for all sites to 391±6 years 
accepting the ‘supposed’ sites). If the age of first occupation of the eastern PCTB and TCA 
were 9200±200 Cal yrs BP, then the average frequency of avulsions were 0.29 / 100 years 
and the time of recurrence were ~400 years (372±9 yrs for all sites and 426±10 yrs excepting 
the ‘supposed’ sites).  
The present day activity of the underfit streams reoccupying the pre-existing channels of 
the TCA is due to the fact that these streams have been re-alimented by streams newly 
formed in the upper Villano surface in front of the Puyo landslides (including the Rios Tigre 
and Corrientes, Bès de Berc et al., 2005). The relatively recent age of the Pastaza “Great 
Diversion” is also attested by the beheading of the SW-flowing rivers formed after the 
abandon of the MPA megafan. 
 
6.3 – Significance of frequencies 
The frequencies and average recurrence times of the avulsions in the TCA appears to be 
significant because of the homogeneity of the area and the similarity of the avulsion features. 
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In contrast, the avulsions older than the occupation of the TCA floodplain formed in at least 3 
differing contexts: construction of an alluvial megafan (MPA), piedmont of a propagating 
thrust-related fold (MCA), and construction of an avulsion belt (PCTB). Therefore, it is likely 
that the mean recurrence time varied from one area to another, and the average time of ~350 
years can be considered as an order of magnitude.  
 
7 – Discussion 
 
 7.1 - Avulsion frequency 
Data relating to avulsions frequency exist for a few modern rivers in various contexts 
including avulsion belts, megafans, and deltas. Stouthamer and Berendsen (2001, table 2) 
present such data as interavulsion periods (= period of channel activity minus avulsion 
duration). Because our study cannot provide neither avulsion duration nor the number of 
coeval avulsions, interavulsion periods cannot be determined and the recurrence time 
referred to in the present paper assumes ‘instantaneous’ avulsions. Average frequencies (= 
total number of avulsions having occurred during a given period divided by the duration of 
this period) being independent of the duration of the avulsions have been preferred in the 
following discussion. Table 3 presents average frequencies in the areas considered by 
Stouthamer and Berendsen (2001) to which have been added the Brahmaputra River 
(Bristow, 1999) and the Taquari megafan (Assine, 2005).  
The average avulsion frequency of 0.51 / 100 years for the whole Pastaza megafan 
complex is of the same order of magnitude as for the Rhine-Meuse delta (0.88/ 100  cal 
years, Stouthamer and Berendsen, 2001) but much less than for the Lower Brahmaputra 
River (3.47, Bristow, 1999), the Kosi megafan (4.88, Gole and Chitale, 1966), or the Taquari 
megafan (~10, Assine, 2005) which have, however, been observed during much shorter 
periods of time (202, 246, and 30 years, respectively, see Table). In contrast, this avulsion 
frequency of 0.51 / 100 years is greater than those of the Saskatchewan River (0.17, 
Morozova and Smith, 1999, 2000), the Po River (0.25, Nelson 1970 in Mackey and Bridge, 
1995) or the Yellow River (0.21, Li and Finlayson, 1993).   
When considering the different entities constituting the Pastaza megafan complex, the 
western domain formed by the MPA, the MCA, and the western PCTB records a higher 
avulsion frequency (~0.6-0.7) than the eastern domain (~0.3). The former value is probably 
underestimated because many older channels in the MPA are likely to have been masked by 
the large aggradation having occurred in this area. A comparison between the MPA megafan 
and the other megafans (Kosi, Taquari) is difficult because we have no age for the MPA 
alone and the situation or geometry of these megafans differs markedly. The Kosi megafan 
appears as a piedmont megafan like the MPA but it is very flat compared with the MPA and 
is affected by a monsoonal climate. This may allow the mechanism proposed by Wells and 
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Dorr (1987) to operate in this megafan and not in the more bulging MPA, thus explaining the 
much higher avulsion frequency in the former. In fact, the avulsion frequency in the MPA is 
the closest to that in the Rhine-Meuse delta which has formed in a much different context but 
is closely controlled by aggradation (Stouthamer and Berendsen, 2000, 2001). 
The value obtained in the PCTB-northern PCA  floodplain avulsion belt is very close to 
those obtained in floodplain avulsion belts having similar areas (Saskatchewan and Po 
Rivers) or much larger areas (Yellow River) during similar spans of time but much lower than 
in the Brahmaputra floodplain, which has, however, been observed during a much shorter 
period. This suggests that the avulsions forming avulsion belts in low gradient floodplains 
might have similar long-term average frequencies, but highly varying short-term average 
frequencies. In this respect, floodplain avulsion belts should be similar to deltas such as the 
Rhine-Meuse where avulsion frequency varies in the time from 2.43 between 8000 and 7300 
cal years BP to 0.85 between 7300 and 3200 cal years BP (Stouthamer and Berendsen, 
2001).   
   
7.2 – Style, local causes and triggers of avulsions in the Pastaza megafan complex 
The origin of avulsions have been thoroughly discussed by Jones and Schumm (1999) 
and Singerland and Smith (2004) in their reviews of river avulsions.  
 Jones and Schumm (1999) consider 4 groups of causes and eventually triggers of 
avulsion. The first two groups involve an increase of the ratio of the slope of the potential 
avulsion course to the slope of the existing channels. The third group involves a reduction in 
the capacity of a channel to convey all of the water and sediment delivered to it. The fourth 
group involves other processes than those of groups 1 to 3, as various as animal trails and 
stream capture. In the context of the Amazonian basin, the group 4 processes are precluded 
or unlikely. Intrinsic processes related to sedimentation and extrinsic (external) processes 
are involved in any of the groups 1 to 3. External processes such as tectonic 
uplift/subsidence or lateral tilting are thought by Jones and Schumm (1999) to be capable of 
causing (and not only triggering) avulsion. Slingerland and Smith (2004) used a theoretical 
stability analysis of bifurcating channels and a thorough review of the papers dealing with the 
style and frequency of avulsions. They concluded that avulsion frequency increases with 
increasing aggradation whatever the exact cause of aggradation and the trigger (even 
though the authors acknowledged that avulsions may occur in the case of limited or no 
aggradation). According to them, avulsions are promoted by rapid alluviation of the main 
channel, a wide unobstructed floodplain able to drain down-valley, and frequently recurring 
floods of high magnitude. According to this viewpoint, it should be appealing in a megafan to 
distinguish between causes and triggers of avulsions. In this case, the cause should be the 
huge amount of sediment transported into the megafan (see e.g. Wells and Dorr, 1987, or 
Leier et al., 2005), and the trigger should be “opportunistic” (Slingerland and Smith, 2004), 
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intrinsic (e.g. high floods) as well as extrinsic (e.g. tectonics). Accordingly, only the cause of 
the high sedimentary load should be researched as the cause of the avulsions in the entire 
modern Pastaza megafan complex, tectonic events being considered as opportunistic 
triggers. However, Jones and Schumm (1999, their table 1) consider tectonics as a cause as 
well as a trigger of avulsion because tectonic uplift may decrease channel slope or increase 
the slope of the potential avulsion course as this is obvious in the case of piggy back basins 
formed upstream of growing anticlines (see e.g. Burbank et al., 1996; Burbank and 
Anderson, 2001 p. 194; Humphrey and Konrad, 2000; van der Beek et al., 2002). This is less 
obvious in the case of small relative increases in elevation such as those in front of the 
Cangaime anticline (see, however, Bridge and Leeder, 1979; Alexander and Leeder, 1987; 
Dumont and Hanagarth, 1993) and this point will be discussed hereafter in each of the 
studied areas.  
Styles of avulsions as defined by Slingerland and Smith characterize 3 different ways by 
which avulsions are achieved in the floodplain: (a) avulsion by annexation by which an 
existing channel is appropriated or reoccupied; (b) avulsion by incision, where new channels 
are scoured into the floodplain surface; and (c) avulsions by progradation, characterized by 
extensive deposition and multi-channeled distributive networks.      
   
  7.2.1- The avulsions in the MPA  
The MPA represents an ancient megafan disconnected from the Pastaza system by a 
regional avulsion related to the propagation of the Cangaime thrust-fold. The high volume of 
sediment forming this megafan has been sufficient for the fan crest to constitute the divide 
between the Morona and Pastaza drainage basins until today, long after the abandon. In 
spite of the surimposition of the MCA over its very apical part, the organisation of the 
megafan is well apparent in satellital images. As in other megafans having a moderate 
average slope such as the Kosi megafan in the Himalayan piedmont (Gole and Chitale, 
1966; Wells and Dorr, 1987), large aggradation occurred and avulsions associating 
progradation and annexation predominate as suggested by the high amount of sediment 
distributed in the megafan and the multi-channeled distributive network. The switch of a 
channel into an adjacent one (which must not be confused with diverging/rejoining channels, 
see Wells and Dorr, 1987, fig. 2) can be interpreted as in the Kosi megafan (Wells and Dorr, 
1987) as evidence of the lateral shifting of a single channel sweeping across the fan. Wells 
and Dorr (1987) interpreted the avulsions at the origin of the shifting of the Kosi River as 
results of overflow of both highly aggraded active rivers (alluvial ridges) and less aggraded 
pre-existing non-active or less active rivers in the inter-ridges areas, promoting drainage into 
the topographic lows at the cessation of flooding. No unusually large floods have been 
recorded in the upper Amazonian basin in the historical period which is probably more humid 
than the early Holocene when the MPA formed (see Weng et al., 2002). This constitutes a 
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difference with the Kosi fan where huge floods have been recorded in the modern and recent 
times. In fact, Wells and Dorr (1987) demonstrated in the Kosi fan that major avulsions were 
not correlated with unusually high floods of any origin but were a result of ‘normal’ floods. 
However, ‘normal’ floods in the Kosi cover very large areas because of the very flat 
topography of the fan. The MPA fan is more bulged than the Kosi fan and the precipitation 
regime is not monsoonal. Therefore, wide annual floods are more difficult to invoke as 
triggers of avulsions in the MPA than in the Kosi system and the absence of wide annual 
floods like those occurring in the Kosi might explain the much lower frequency of avulsion in 
the MPA. 
Other causes/triggers of avulsion in the MPA might be tectonics and volcanism. An 
influence of tectonics on avulsions is here rather unlikely because the MPA is relatively far 
from the active Subandean Frontal Trust and the Cutucu/Cangaime thrust-fold dome, and 
earthquakes recorded in the Amazonian domain are deep events with a relatively low 
magnitude.   
The large-scale volcanic eruptions eventually capable of influencing the hydrologic regime 
of the Pastaza system when the MPA was active were a large rhyolitic eruption of the 
Cotopaxi, the first pyroclastic flows and associated lahars of the Chimborazo at  8000 – 5400 
BC (Table ), and the collapse of the Sangay II. Cotopaxi and Chimborazo volcanoes are far 
from the Amazonian domain and no traces of these events are found downstream of Baños 
in the western Eastern Cordillera (Bès de Berc et al., 2005). We have no information on the 
presence of products of the Sangay II collapse in, and downstream of, the terraces of the Rio 
Palora. The uncertainty of the date of this event (>14,000 years BP, Monzier et al., 1999) 
does not assure that it was contemporary with the construction of the MPA. Even though it 
were so, the along-stream distance between the MPA and the crater (~180 km) is very long 
when we consider than the 8 km3 avalanche resulting from the 3000 years old collapse of the 
Tungarahua II travelled ‘only’ 21 km along the valley and that no traces of lahars following 
this event have been found in the Pastaza terraces near Mera at 60 km from the volcano 
(Bès de Berc et al., 2005). Therefore the Sangay II collapse could hardly have caused the 
abandon of the MPA megafan and it is unlikely that it might be a direct cause or trigger of the 
avulsions. However, the gradual erosion and transport in the fluvial system of the huge 
quantity of material provided by the volcanic eruptions coeval with, or older than, the MPA 
might have constituted a large part of thematerial accumulated in this area.    
 
  7.2.2 - The avulsions in the MCA 
 In the MCA the curved shape of the rivers shaping the propagation of Cangaime anticline 
and the avulsions only occurring in the downslope side of the rivers indicate that not only 
river migration but also avulsions have been controlled, at least in part, by tectonics. The 
local curved courses of rivers otherwise flowing south along the regional slope show that 
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these rivers adapt locally to the new domal topography created by the propagation of the 
thrust-fold structure. The divergences at the origin of the successive paths, the clear 
separation between them, and the scarceness of meander mosaics (except locally in the 
west of path # 4 in Fig. 2) suggest that avulsion was there a more efficient process than 
progressive shifting to achieve this adaptation, even though progressive shifting may have 
locally occurred. At point A in Fig. 3, the avulsion from path #1 (Fig. 2) to path #2 (Fig.2) is 
clearly a result of the lateral propagation of the Cangaime fold defeating path #1 and 
transforming the water gap passing through the nose of the fold into a wind gap. In this case, 
fold growth is the major if not the unique cause of the avulsion (if a pure “mechanical” 
diversion like this one can be actually considered as a diversion). This is not the same for the 
other avulsions of the MCA. LANDSAT images of the streams affected by these avulsions 
indicate deposition along the valleys but the topographic sections normal to the rivers show 
V-shaped incised valleys with no evidence of levees or exhausted beds which could have 
shown that aggradation was the direct cause of avulsion. It might be objected that these V-
shaped valleys have been incised by the rivers having reoccupied the abandoned valleys, 
but it is unlikely that the abandoned alluvial ridges would have been entirely removed as a 
result of incision by underfit streams. Therefore, even though the sedimentary/water 
discharges were probably as large as in the other parts of the Pastaza megafan complex, 
tectonic uplift resulting from the lateral/frontal propagation of the Cangaime thrust-fold seems 
here to have been the direct cause of the avulsions. This interpretation is also supported by 
the localization of the avulsions near the northern nose of this fold. Earthquakes such as the 
1980 El Asnam (Algeria) earthquake (Philip and Meghraoui, 1983) capable of causing local 
rapid uplift of river beds could be possible triggers. Because of the absence of levees to be 
breached, seismic shaking alone as invoked by e.g. Stouthamer and Berendsen (2000) in 
the Rhine-Meuse delta, could hardly be taken as a possible trigger in the MCA in spite of 
markedly greater earthquake magnitudes. In contrast, intrinsic factors such as large floods 
may be considered as possible triggers even in this tectonically active context because 
aggradation may have elevated the river bed sufficiently for the flow to take advantage of the 
tectonic slope. 
 
 7.2.3 - The avulsions in the PCTB and the northern TCA. 
 In the TCA and the PCTB no field observations of avulsion features are available and 
satellite images only provide information on the size and arrangement of channels. However, 
the principal characteristic of these areas is the presence of diverted/rejoining channels 
forming anastomosing patterns still apparent in spite of vegetation growth. This suggests 
sustained avulsive flow transforming a floodplain into an avulsion belt showing abandoned 
anastomosed channels and small isolated flood basins as in the modern Saskatchewan 
River (Morozova and Smith, 2000; Slingerland and Smith, 2004) or other avulsion belts 
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formed under various climatic regimes (e.g. Schumm et al., 1996; Smith et al., 1997; Bristow, 
1999; Ethridge et al., 1999; and other refs in Slingerland and Smith, 2004). According to 
Slingerland and Smith’s (2004) review, anastomosing reaches are results of progradational 
avulsions (Morozova and Smith, 2000) characterized by deposition out of the parent channel 
into the invaded floodplain and favoured by slow runoff promoted by low floodplain slopes 
(Slingerland and Smith, 2004, p. 264). The meandering streams occupying alluvial ridges 
such as the middle Rio Corrientes could be the new dominant meandering channel 
constituting the outcome of the evolution of the avulsion belt (fig. 2 in Slingerland and Smith, 
2004). In most of the modern avulsion belts such the Saskatchewan River (Morozova and 
Smith, 2000), the Niobrara River (Ethridge et al., 1999), the Ovens and King rivers, Australia 
(Schumm et al., 1996) or the Brahmaputra River (Bristow, 1999), the causes of avulsions are 
entirely autocyclic and related to the high sedimentary discharge and deposition of these 
rivers even though the trigger was occasionally extrinsic (e.g. damming as for the Niobrara 
River, Ethridge et al., 1999). However, for Smith et al. (1997), neotectonic movement is the 
underlying cause of avulsion and anastomosis in the panhandle (upper entry corridor) of the 
Okavango fan situated in a ‘relative’ valley gradient depression inferred to represent a small 
graben. In the case of the PCTB and TCA, the avulsion belt is situated much too far from the 
active tectonic region, and the earthquake foci are too deep and their magnitude too low for 
tectonics to be the cause or trigger of the avulsions. For the same reasons as in the MPA, 
and notably the great distance to the volcanoes, volcanic eruptions, although frequent at the 
time when the PCTB and the MCA formed (see Table 1), cannot have been a direct cause or 
trigger of avulsion in these areas.  
 
 7.2.4 - The avulsions in the southern TCA and surrounding areas.  
In the southern part of the TCA the fan shape is essentially apparent in the arrangement 
and shape of the numerous swamps of this region (Fig. 1). Well-characterized avulsions are 
rare. The style, cause, and triggers of avulsions seem to be researched in the very shallow 
attitude of the topography like in the ‘losimean’ megafans (Stanistreet and McCarthy, 1993) 
such as the Okavango (Stanistreet and Mc Carthy, 1993; Stanistreet et al., 1993) or the 
Taquari (Assine 2005; Assine and Soares 2004). In fact, the arrangement and shape of the 
swamps is likely to reflect the configuration of the floodplain and may be fed by temporary 
breaching of channel banks with short new channels being formed (Stanistreet et al., 1993). 
The predominance of low sinuosity channels is also a characteristic common to the southern 
TCA and the Okavango fan. We have no evidence in the southern TCA that channels are 
confined by vegetated and/or peat levees but no more evidence that they are not, and the 
similarity between the southern TCA and other very shallow humid fan such as the 
Okavango or the Taquari suggest that they might be.  
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    7.3 -  Remote causes of the avulsions in the Pastaza megafan complex 
As discussed above, aggradation played a major role in the generation of avulsions in the 
different areas studied in the present paper, even in the MCA where tectonics prevails. This 
conclusion agrees with that of many authors having studied avulsions in various contexts, 
scale, and time lapses (see refs above). The origin of this large aggradation as a remote 
cause of avulsion is crucial in the Pastaza megafan complex where the catchment area 
(13,700 km2) is much smaller than the depositional area (51,400 km2). Table 2 shows 
characteristics of piedmont megafans in the Bolivian Andes (Rio Grande, Rio Pilcamayo, and 
Rio Parapeti, after Horton and DeCelles, 2001) and of the Kosi megafan compared with the 
Pastaza megafan complex. These characteristics include catchment and fan surfaces, 
fan/catchment ratio, water discharge, stream power per length unit, and incision rate. The 
entire Pastaza megafan complex has a much greater fan / catchment ratio (3.75 instead of 
0.72 for the Rio Parapeti and 0.20-0.30 for the other systems). The contrast between the 
Pastaza megafan and the other megafans reduces if we consider only the MPA which is the 
first entity to have been formed and was abandoned when the eastern entities formed. If so, 
the fan / catchment ratio reduces to 1, which remains much higher than the other systems 
having similar stream powers per unit length. If we consider that the surface of the megafan 
is proportional to the volume of sediments preserved, then the volume of sediment 
transported per unit stream length was much greater for the Rio Pastaza than for the other 
systems presented in Table 2. Table 2 also shows that the Rio Parapeti which has a 
catchment surface close to that of the Rio Pastaza has a lower streampower and formed a 
much smaller fan, which would suggest that streampower is determinant in the construction 
of the fan. However, a comparison between the MPA and the Kosi indicate that the ratio of 
the catchment surfaces MPA / Kosi is 0.26 whereas the ratio of the fan surfaces MPA/Kosi is 
~1.14. This means that the volume of material extracted from a unit surface might have been 
4 times greater in the Pastaza catchment than in the Kosi catchment whereas the 
streampower of the Kosi River is twice that of the Pastaza.  Now, if we compare the average 
values of incision rates for the Sun Kosi and Arun rivers (the junction of which gives birth to 
the Kosi river) in the Main Boundary Thrust – which are of 1.5 – 2.5 mm.yr-1 (Lavé and 
Avouac 2001) – with those for the Pastaza in the Eastern Cordillera – which are of ~4 - 5 
mm.y-1 (Bès de Berc et al., 2005) – , it appears that the incision rates in the Pastaza are 
twice those in the Kosi. Because the streampower is twice lower in the Rio Pastaza than in 
the Kosi River, it is likely that the faster incision rate in the Pastaza do reflect the rate of uplift 
of the Eastern Cordillera combined with a rapid adaptation of the river profile (Bès de Berc et 
al., 2005). Another cause must therefore be researched to the larger amount of material input 
into the Pastaza system.  
In their study of tropical megafans, Leier et al. (2005) emphasized the contrast between 
the peak of discharge and the mean annual discharge, as a characteristic of all the 
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megafans. The Rio Pastaza, like many other equatorial rivers (Latrubesse et al. 2007) does 
not display such a contrast in hydrologic cycles. Even during ENSO events, the ratio peak of 
discharge / mean annual discharge remain stable even though the mean annual discharge 
increases. Annual or episodic contrasts in hydrologic cycles are thus unable to explain the 
very large amount of sediment deposited by a fluvial system having a relatively small 
catchment. In any event, if this sediment were extracted by erosion from the bedrock of the 
catchment, this should imply a very rapid denudation and uplift of the entire Eastern 
Cordillera and eastern Western Cordillera of Ecuador during the late glacial period.  The 
average denudation rate inferred by Vanacker et al. (2007) from their radionuclide studies in 
small basins of the eastern Cordillera is 0.2 mm year-1. This value is considered to be high by 
these authors. However, such a denudation rate acting during the 11,000 yrs of activity of the 
MPA would have provided only ~30 km3 of material if we assume that the denudation rate 
was the same over the entire Pastaza basin (and less if the denudation rate was lower in the 
Interandean Depression as observed by Vanacker et al. (2007). Moreover, the uplift rate of4-
5 mm/year uplift since the LGM observed by Bès de Berc et al. (2005) cannot be considered 
as a rapid uplift when values of ~2 cm/year have obtained in areas such as the Southern 
Alps of New Zealand). Volcanism may be another solution to this problem. As discussed 
above, it is unlikely that sedimentary pulses generated by volcanic eruption as previously 
proposed by Räsänen et al. (1990) were a direct cause or trigger of avulsions in any of the 
areas studied here. However, it is obvious that fluvial reworking of volcanic material 
associated to runoff and local landsliding in the easily erodable volcanic deposits has input 
volcanic material into the system. However, the estimate of the total volume of material 
provided by the volcanoes is of about 20 km3 (see above). It should be pointed out that the 
addition of the material provided by the volcanic eruption and the denudation as inferred from 
the study of the cosmogenic radionuclides is only of ~50 km3, which is small compared with 
the ~140 km3 of the MPA.. In any event, it is likely that the heavy volcano-sedimentary and 
sedimentary load transported down to the Amazonian lowland promoted aggradation and 
then avulsions as soon as the slope decreased. Even where the local cause or trigger of 
avulsion was not aggradation (e.g. the MCA) aggradation promoted by the heavy volcano-
sedimentary load made the channel close to the avulsion threshold (Jones and Schumm, 
1999) such that any ‘opportunistic’ event (Slingerland and Smith, 2004) can trigger avulsion. 
Conversely, aggradation may have triggered avulsion in areas such as the northern MCA 
where tectonic tilting has created a lateral slope more favourable to the avulsive channel but 
where the parent channel is confined by incised walls. In another ground, the prevalence of 
progradational avulsions in all the studied areas except the MCA could be taken as evidence 
that the high sedimentary load of the Pastaza system was the underlying cause of avulsion 
and and of the construction of very large megafans. 
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8 – Conclusions 
Remote sensing imagery mapping of the successive channels of the Rio Pastaza enabled 
us to evidence 108 sites of avulsion in the Rio Pastaza megafan. The location of these sites, 
the available radiocarbon ages as well as historic maps of the 17th century, allow us to 
propose an evolution of the migration and avulsions of the Rio Pastaza since the Last Glacial 
Maximum.  
The first avulsions of the Rio Pastaza occurred after the LGM roughly parallel to the 
Subandean front and gave rise to a well defined fan-shaped distributary pattern (Fig. 9A). In 
response to thrust-related anticline forelimb tilt, the Rio Pastaza and the apex of the megafan 
were progressively shifted eastward until the “Great Diversion” of the Rio Pastaza changed 
its course to the east-southeast towards the present-day Rios Tigre and Corrientes (TCA) 
(Fig.9B). Around 9200±200 or 8480±110 Cal years BP, avulsions occurred in the TCA 
(Fig.9C). The Rio Pastaza abandoned then its east-southeast course and the Tigre-
Corrientes area to follow its present-day southerly course. This last avulsion was older than 
1691AD (Fig. 9D). 
The average recurrence time of avulsions in the Marañon-Pastaza area, probably 
overestimated, ranges between 142±6 years and 189±6years whereas in the Tigre-
Corrientes areas, the average recurrence time of avulsions is underestimated and ranges 
from 342±5years to 426±10years. 
Regional tectonics is active in the northwest of the Maranon-Pastaza area and 
responsible for thrust-related anticline eastward forelimb tilt and lateral propagation is 
believed to have controlled most of the avulsions in this area. No such tectonic control seems 
to have acted in the south of the MPA and the TCA. The characteristics of the hydrologic 
cycles of the Rio Pastaza doe not allow “hydrologic” driven avulsions such as those known in 
areas characterized by contrasted hydrologic cycles invoked by Leier et al. (2005) in other 
megafans. Climatic fluctuations or pulses in sedimentary fluxes, not clearly related to 
volcanic activity as previously proposed by Räsänen et al. (1990), seem to be the most likely 
cause of avulsions in those areas. 
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Figure VI.1 : Composite map of the Napo-Pastaza Megafan (DEM SRTM 3’’ resolution and Landsat 7). Solid 
black lines: limits of the Napo and Pastaza catchments, solid white lines: modern Rio Napo and Pastaza, red 
dashed lines: limits of the Plio-Pleistocene Napo Pastaza Megafan, yellow dashed lines: post-LGM Pastaza 
Megafan. Blue points: volcanoes, white squares: actives volcanoes. NA: Napo Antiform, PD: Pastaza Depression, 
CA: Cutucu Antiform, MCA: Morona Cangaime Area, MPA: Morona Pastaza Area,  TCA, Tigre Corrientes Area, 





Figure VI.2 : Hydrographic network of the Rio Pastaza basin. To the northwest, with red lines: catchment of 
the Rio Pastaza Megafan (extracted from the SRTM DEM). With green lines: drainage network. Thickness of lines 
depends on the Stralher order of the streams. Thinnest lines correspond to Order 3 streams. 1) Modern apex of 
the Pastaza Megafan, 2) avulsion sites, 3) supposed avulsion sites, 4) abandoned stream, 5) abandoned stream 
re-annexed by the modern drainage network, 6) supposed abandoned stream, 7) main modern streams, 8) 






Figure VI.3: Examples of successives courses and avulsion sites of the Rio Pastaza. A) Morona Pastaza area 
(MPA), C.A. : Axis of the Cangaime anticline, 1,2 and 3, see text for explanation. B) Northern part of the area of 
the Rio Tigre and Corrientes (TCA), (a) avulsion sites, (b) plaeocurrents in abandoned reaches, 1, 2 and 3, see 
text for explanation. C) Location map of images A and B within the pastaza megafan. (c) Southern Curve of the 
Rio Pastaza resulting from the last signficative avulsion of the Rio Pastaza (prior to 1691AD), (d) Streams 
beheaded as a consequence of the avulsion which gave birth to SC, (e) GDP: avulsion site of the Great Diversion 





Figure VI.4 : Schematic map of the Rio Pastaza drainage basin, river profile, slope and associated channel 








Figure VI.5: Topographic profiles extracted from the SRTM DEM showing the topography of the upper part of 
the Pastaza Megafan.  
 
 
Figure VI.6 : To the left:map of the successive streams of the Rio Pastaza in the MCA. Those streams are 
bounded by pointed lines. The dashed-double pointed lines correspond to superimposed streams. Ticked lines 
indicate terrace scarps, Successive streams of the Rio Pastaza are numbered following chronology. Stream #5 is 
the modern Rio Pastaza. To the right: DEM SRTM V3. On the left bank of the Rio Pastaza the characteristic 
dendritic drainage network developed on top of the Villano surface. Some parts of this surface are also preserved 
on the right bank. At the bottom: topographic profile across the Pastaza Megafan and the Villano surface, we can 






Figure VI.7: Satellite Image and interpretative map of the Great Diversion of the Pastaza are. Observe the 
sharp contrast  between alluvial ridges (even abandoned and the floodplain area. 1) points of avulsion, 2) 
abandoned alluvial ridges, 3) abandoned loop of the Rio Pastaza, 4) underfitted streams re-occupying abandoned 








Figure VI.8: Maps of the migrations of the Rio Pastaza through times. A: Beginning of the avulsions in the 
Pastaza Megafan. These avulsions occurred after 21160 ± 260 yrs Cal BP, B: Great Diversion of the Rio Pastaza 
to the TCA. C: Avulsions in the TCA, this area was active around 9198±200 yrs Cal BP ou 8476 +/112 yrs Cal BP, 
D: Modern morphology of the drainage network resulting form the southward avulsion of the Rio Pastaza and the 
abandonment of the Rio Tigre/Corrientes area. This configuration is dated after 9198±200 yrs Cal BP or 8476 




Satellite Landsat    
years 1990 2000   
mosaics S-18-00 S-18-05 S-18-00 2000 S18-05- 2000 
# of landsat images 40 38 30 28 
UTM Zone 18 18 18 18 
Upper Latitude 0° 5° South 0°  5° South 
period 1986/03/23 to 1994/06/30 1986/06/22 to 1994/07/14 1999/07/11 to 2001/10/02 1999/07/11 to 2001/09/20 
Spatial resolution  28.5m 28.5m 14,25m 14.25m 
Spectral band used (TM7, TM4, TM2)+TM8 TM7, TM4, TM2   
Datum WGS 84    
 





Table VI.2: Ages, conversions 14C ages/Calendar ages and computing of avulsions recurrence of the Rio 
Pastaza. Conversions 14C ages/Calendar ages were done following the INTCAL04 (Reimer et al., 2004). 
Columns “All avulsions” and “Global recurrence” take in account all the avulsions sites identified in the area (see 
Figure 4) while columns “Most reliable” and "Recurrence of most reliable” do not take in account the “supposed 






Table VI.3: Comparison of morphological parameters between the Pastaza Megafan and its catchment and 
other megafans. (1) Water discharge computed following the formula Q= ka.Aa with Q : discharge in m.s-3, A : 
surface of the drainage basin in km2, ka = 0.049 et a= 0.96 (Talling and Sowter 1998). (2) Streampower by length 
unit W=g.Q.s, with g, specific weight of water (9810 N.m-3), Q: discharge in m.s-3, local slope in m.m-1. (3) et (4) : 
(Bes de Berc et al. 2005). (5), after (Horton and DeCelles 2001). (6), after (Lavé and Avouac 2001). (7) after 
(Singh et al. 1993). (8) incision values of (Lavé and Avouac 2001) corresponding to the Main Boundary Thrust 






Table VI.4: Comparison of avulsion recurrence data between the Rio Pastaza megafan and other fluvial 
systems known for their frequent avulsions:  the Rhine-Meuse delta (Stouthamer and Berendsen 2000) ; 
(Stouthamer and Berendsen 2001) ; the Saskatchewan river (Morozova and Smith 1999; Morozova and Smith 
2000), the Kosi river megafan (Gole and Chitale 1966) and the Rio Taquari megafan (Assine 2005). (1) scenario 1 
in table 2, (2) scenario 2 and 3 in Table 2, (3) scenario 4 and 5 in Table 2, (4) tectonically triggered avulsions that 
occurred between 5500 and 1625 BP (Stouthamer and Berendsen 2000), (5) avulsions which occurred between 
7395 and 1000 BP (Stouthamer and Berendsen 2000), (6) between 1731 and 1977 (Gole and Chitale 1966; Wells 














CONCLUSIONS GENERALES  
 




L'objectif global de cette étude était d’illustrer l'influence des phénomènes 
géodynamiques sur les transferts de masses entre une chaîne et son piémont, en 
utilisant comme exemple les processus qui se déroulent dans le Méga-cône du 
Napo-Pastaza (Equateur-Pérou). 
Afin de tenter d’évaluer précisément l’impact de la géodynamique, nous avons pris 
comme hypothèse de travail que la réponse des systèmes fluviaux aux processus 
d'érosion et de sédimentation, peut fournir des informations sur l'évolution 
géomorphologique. Car ils sont extrêmement sensibles aux variations climatiques et 
tectoniques. Dans cette perspective nous avons étudié les systèmes fluviaux des 
deux grandes rivières qui drainent le  méga-cône du Napo – Pastaza, le Rio Napo et 
le Rio Pastaza 
Nous avons étudié ces Systèmes Fluviaux depuis ses deux principales composantes 
physiques, d'une part celles concernant l'hydrosédimentologie et d'autre part, celles 
concernant la géomorphologie. Pour cette raison nous avons abordée cette 
problématique, en intégrant informations issues de plusieurs disciplines connexes : 
climatologie, hydrologie, hydrosédimentologie, géochimie, géomorphologie et 
géodynamique. 
Dans la première partie de la thèse, nous présentons une synthèse des travaux 
réalisés jusqu'à présent dans la zone d'étude. On montre comme dans ces dernières 
années, l'étude du bassin amazonien a permis l’élaboration de modèles 
géodynamiques à l’échelle des temps géologiques. Lesquelles mettent en évidence 
une géodynamique particulièrement active dans le bassin.  
Dans les chapitres suivants nous nous sommes concentrés sur l'étude des réponses 
hydrosédimentologiques, et géomorphologiques actuelles des systèmes fluviaux  aux 
phénomènes géodynamiques. Sur l'hypothèse que les forces géologiques sont la 
plus part du temps lents et restent identiques à travers le temps. Alors ce qui se 
passe aujourd'hui est le reflet de ce qui s'est passé les derniers millions d'années. 
Ainsi, le Chapitre IV montre que le système fluvial du Rio Napo est un des plus 
dynamiques jamais étudié en termes d'apport et de rétention de sédiments. La suivi 




ans montre l'existence  de pics de concentration de MES suite aux événements 
éruptifs du volcan Reventador. L'analyse de ces MES montrent que elles sont issues 
de l'érosion des produits de l'éruption (cendres). 
Les caractéristiques hydrosédimentologiques de la rivière Napo varient en réponse 
aux phénomènes géodynamiques. Cette singulière réponse est exprimée par des 
variations de la morphologiques du Rio Napo. Par exemple, à la station de ROC, les 
effets de l'éruption ont été enregistrés seulement un mois après l'éruption. Cette 
situation suggère qu'après des événements géodynamiques extrêmes (éruptions, 
etc.) une quantité importante de sédiments est déposée dans le lit du Napo, qui fait 
que la rivière perd sa capacité de transport ce qui provoque la croissance des barres 
de sable, c'est-à-dire une grande quantité de stockage dedans le canal. Le même 
phénomène a été reporté dans l'article de Laraque et al. (sous presse), qui montre 
qu'après le séisme du 1987 il y a eu une importante croissance de bandes de sables. 
Dans les deux cas, la rivière a été capable de transporter par remobilisation les 
sédiments alluviaux disponibles, ce qui a conduit à une augmentation de MES à 
l'aval. 
Le chapitre V montre la géomorphologie du  Rio Pastaza. Dans un premier parti on a 
étudié les variations de l'style fluvial le long du cours du Rio Pastaza. Cette rivière 
naît dans la partie occidentale de la cordillère équatorienne (à partir de la confluence 
entre les rivières Patate et Chambo) et se jette dans le Río Marañón en Amazonie 
péruvienne. Au fil de son cours (~ 431 km) les conditions géologiques, 
géomorphologiques, climatiques et hydrologiques, du Rio Pastaza, changent 
radicalement. Ces conditions particulières font que le style fluvial peut avoir 
différentes causes selon le contexte de chaque zone. Ainsi, ses changements 
semblent être contrôlés par : 
• en amont, son passage autour de structures tectoniques actives, et 
• en aval, l'influence tectonique qui diminue et les facteurs qui contrôlent le style 
fluvial qui sont plus en corrélation avec la lithologie, la faible pente et les 
processus d'aggradation. D'ailleurs, la configuration de la plaine d'inondation 
du Rio Pastaza montre un système anastomosé, qui a été formé par des 
processus d'avulsion. Ces processus ont eu lieu dans la région depuis le Plio-




Quaternaire et leurs traces renforcent l'idée d'un mouvement vers l'ouest du 
Rio Pastaza 
Dans une deuxième partie, le suivi par imagerie satellite de la morphologie du cours 
inférieur du Rio Pastaza révèle l'ouverture des chenaux dans les levées naturelles 
suivies de la formation de crevasse splays. Les drains de ces crevasses splay 
disparaissent progressivement au profit  d'un seul  qui est ensuite capturé par les 
drains  préexistants du plain d'inondation. La succession crevasse/capture est le 
principal moteur du développement du réseau anastomosé du cours inférieur du Rio 
Pastaza.  
Enfin, dans la troisième et dernière partie du chapitre V, l'étude de l'évolution du 
cours du Rio Pastaza dans la Zone Subandine, au sud de Puyo sur le dernier siècle 
(1906 – 2008), montre que ce tronçon du Pastaza est passé d'un cours nord-ouest 
sud-est à un cours nord sud. Ce changement de géométrie s'est fait par 
l'intermédiaire d'une avulsion par incision du canal principal. Cette avulsion 
progressive marque la capture du Rio Pastaza par un cours  d'eau d'ordre inférieur. 
L'importante activité sismique de cette région permet de relier tectonique et évolution 
du réseau de drainage. 
Après avoir montré le lien entre la hydrosédimentologie et la géomorphologie fluvial 
dans le présent, dans le chapitre 6 on propose un modèle global de formation et 
fonctionnement (construction/destruction) du méga-cône de Napo-Pastaza depuis le 
Dernier Maximum Glacial. Ce modèle a été faite à partir de l'analyse de la 
cartographie par imagerie satellitaire des chenaux successifs du rio Pastaza et les 
datations radiocarbones disponibles dans la littérature. Ainsi,  nous avons démontré  
que la plupart de ces avulsions  sont des avulsions nodales (108 sites d'avulsions ont 
pu être dénombrés). La localisation de ces sites, les datations radiocarbone 
disponibles ainsi que  les cartes du 17éme siècle nous permet de propose une 
évolution de la migration et des avulsions du Rio Pastaza depuis le LGM. Les 
premières avulsions du Rio Pastaza se produiront  sur un couloir parallèle au front 
subandin, générant un système  distributaire de cône alluvial (Zone Morona-Pastaza 
ou MPA). En réponse au basculement du flanc est du pli anticlinal de Cangaime, le 
Rio Pastaza est progressivement rejeté  l'est jusqu'à son déversement vers le sud-




8480+/-110 Cal ans Ap. J.C., les avulsions se produisent dans cette zone (TCA). Le 
Rio Pastaza abandonne para la suite ce cours vers le Sud-est pour adopter son 
cours actuel. Cette avulsion est antérieure à 1691 Ap. J-C. 
Enfin, ces résultats montrent le rôle important de la géodynamique des Andes 
d'Equateur sur: 
• Les transferts de sédiments entre les bassins versants situés  dans l'Andes  et 
le piedmont. 
• La morphologie des cours d'eau du piedmont 
• La géométrie du réseau hydrographique sur le piedmont des Amazonien. 
Ce contrôle du à la géodynamique andine met en œuvre différents mécanismes qui 
vont s'exercer de différent manière: 
• Le remaniement par le réseau hydrographique des sédiments 
pyroclastiques/volcanoclastiques résultants des éruptions fréquents  des volcans 
présents  dans le bassin versant  est à l'origine de variation de la morphologie du Rio 
Napo par l'intermédiaire de pic de charge sédimentaire. 
• La tectonique active du piedmont andin au nord-ouest du cône du Pastaza, 
par l'intermédiaire de la propagation latérale et du basculement  du flanc est d'un pli 
lié à la croissance du front subandin est responsable  d'avulsions qui ont 
progressivement rejeté  le Rio Pastaza vers l'est. 
• Le basculement de surfaces, au toit du chevauchement subandin en réponse 
à la croissance de ce dernier. Ce basculement  provoque le déversement et la 
capture du Rio Pastaza dans la région du Puyo, modifiant ainsi la géométrie du 
réseau de drainage, lui donnant une géométrie en treillis caractéristiques des 
piedmonts orogéniques. 
• Ce contrôle tectonique ne semble, cependant, pas être à l'origine des 
avulsions dans le sud de la région Morona Pastaza (MPA) et la région des Rios Tigre 
et Corrientes (TCA). Les fluctuations climatiques ou les variations brusques de la 
charge sédimentaire, là-aussi liés  à l'activité  volcanique comme proposée par 
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Table 8. Débit liquide (Ql), solide (Qs) et matériel en suspension (MES) du Rio Coca 
à la Station San Sebastián. Période des données: décembre/2000–octobre/2005 
 
Date DEBIT  Qs MES  
 (m3/s) (t/d) (mg/l) 
16/12/00 306.00   
16/1/01 230.40   
16/2/01 227.10 2170.50 79.7 
16/3/01 296.80 2923.00 99.22 
16/4/01 316.00 23083.00 834 
16/5/01 332.60 40073.00 1325 
16/6/01 351.30 46334.00 1433 
16/7/01 236.80 15231.00 701.9 
16/8/01 233.70 4072.50 190.2 
16/9/01 258.80 4035.20 168.9 
16/10/01 201.70 638.50 34.67 
16/11/01 244.80 863.41 39.31 
16/12/01 290.70 9447.20 359.2 
16/1/02 229.70 8861.80 369.2 
16/2/02 246.00 14741.00 553.4 
16/3/02 299.10 1224.70 42.53 
16/4/02 361.30 7449.10 233.3 
16/5/02 383.00 7712.90 222.4 
16/6/02 368.70 12737.00 391 
16/7/02 446.80 19967.00 474.4 
16/8/02 364.20 10893.00 324.1 
16/9/02 295.10 4055.80 147.9 
16/10/02 333.10 5139.70 155.3 
16/11/02 402.40 51714.00 1424 
16/12/02 319.40 32458.00 1085 
16/1/03 234.90 14259.00 677 
16/2/03 364.90 40710.00 1222 
16/3/03 408.10 31586.00 811 
16/4/03 415.80 63447.00 1629 
16/5/03 466.40 35678.00 826.6 
16/6/03 433.30 11775.00 286.3 
16/7/03 441.00 13621.00 337.5 
16/8/03 442.50 9321.20 232.9 
16/9/03 413.80 4988.20 131.4 
16/10/03 470.80 8044.30 181 
16/11/03 404.60 5304.20 130 
16/12/03 445.70 11126.00 262.1 
16/1/04 313.50 2886.60 108.5 
16/2/04 245.70 5232.00 207.5 
16/3/04 502.10 12390.00 260 
16/4/04 412.60 13075.00 355.5 
16/5/04 499.10 33922.00 715.7 
16/6/04 424.70 41444.00 974.9 
16/7/04 396.30 5845.80 161.7 
16/8/04 386.30 17957.00 600 
16/9/04 289.60 7499.20 266.7 
16/10/04 286.10 10198.00 378.6 
16/11/04 330.20 3527.40 116.2 




16/1/05 269.20 968.14 39.68 
16/2/05 380.20 3224.00 93.26 
16/3/05 357.60 2596.00 75.25 
16/4/05 432.60 14675.00 334.3 
16/5/05   163.5 
16/6/05 451.10 13948.00 345 
16/7/05 356.90 17697.00 506.1 
16/8/05 252.30 4037.50 179.3 
16/9/05 289.90 21552.00 732.8 
16/10/05 247.00   
 
 
Table 9. Débit liquide (Ql), solide (Qs) et matériel en suspension (MES) du Rio Napo 
à la Station Illoculin. Période des données: décembre/2000–décembre/2004 
 
 
Date DEBIT  Qs MES  
 (m3/s) (t/d) (mg/l) 
16/12/2000 281.40   
16/01/2001 210.00   
16/02/2001 173.70 973.24 54.56 
16/03/2001 250.20 68.94 3.421 
16/04/2001 210.40 96.80 4.382 
16/05/2001 208.00 71.03 3.782 
16/06/2001 311.00 25107.00 625.9 
16/07/2001 333.10 21687.00 645 
16/08/2001 263.00 13953.00 471.4 
16/09/2001 241.40 2374.10 80.14 
16/10/2001 158.10 202.46 15.07 
16/11/2001 149.30 220.85 19.56 
16/12/2001 251.90 7680.20 381.1 
16/01/2002 194.80 12643.00 267.3 
16/02/2002 190.10 13056.00 268.4 
16/03/2002 165.50 206.12 16.32 
16/04/2002 208.10 1478.60 89.08 
16/05/2002 348.10 8276.60 212 
16/06/2002 257.70 22341.00 194.5 
16/07/2002 560.00 24150.00 262.3 
16/08/2002 265.20 4660.20 271.3 
16/09/2002 276.20 1675.50 113.7 
16/10/2002 320.60 1521.20 89.88 
16/11/2002 252.20 470.12 23.93 
16/12/2002 215.50 241.61 18.19 
16/01/2003 151.60 5572.50 161.6 
16/02/2003 215.70 4568.80 121.1 
16/03/2003 212.70 201.35 16.12 
16/04/2003 250.20 1142.40 65.86 
16/05/2003 471.60 5721.60 213.7 
16/06/2003 312.10 1102.90 40.84 
16/07/2003 349.80 5841.60 194.9 
16/08/2003 238.60 5283.10 169.3 
16/09/2003 295.60 2926.50 81.26 




16/11/2003 195.50 241.91 17.2 
16/12/2003 246.80 11122.00 395.5 
16/01/2004 143.00 478.98 36.49 
16/02/2004 75.04 69.76 9.234 
16/03/2004 232.50 1255.10 81.11 
05/03/2004 232.50   
10/03/2004 232.50   
16/04/2004 177.40 195.05 17.71 
16/05/2004 400.90 121410.00 2653 
16/06/2004 567.40 19335.00 234.9 
16/07/2004 384.60 18959.00 474 
16/08/2004 419.80 12503.00 289.8 
31/08/2004 419.80   
16/09/2004 291.60 2003.90 93.02 
16/10/2004 243.10 1877.70 111.1 
16/11/2004 223.20 4167.40 165.6 
16/12/2004 234.30 3859.10 142.7 
 
Table 10. Débit liquide (Ql), solide (Qs) et matériel en suspension (MES) du Rio Napo 
à la Station Nuevo Rocafuerte. Période des données: fevrier/2001–novembre/2004. 
 
 
Date DEBIT  MES  Qs 
 (m3/s) (mg/l) (t/d) 
16/02/2001 1952.00   
16/03/2001 2075.00   
16/04/2001 2036.00 270.60 59097.00 
16/05/2001 2647.00 619.00 181600.00 
16/06/2001 2949.00 547.80 173160.00 
16/07/2001 2309.00 198.90 53557.00 
16/08/2001 2214.00 411.10 94729.00 
16/09/2001 1937.00 198.50 44597.00 
16/10/2001 1600.00 156.70 29537.00 
16/11/2001 1912.00 107.40 25204.00 
16/12/2001 2665.00 241.10 70800.00 
16/01/2002 2119.00 107.40 28672.00 
16/02/2002 2238.00 147.00 38590.00 
16/03/2002 2643.00 190.50 59309.00 
16/04/2002 2975.00 290.50 95389.00 
16/05/2002 2965.00 271.60 88593.00 
16/06/2002 2758.00 147.50 48599.00 
16/07/2002 3215.00 243.40 87124.00 
16/08/2002 2474.00 212.30 64755.00 
16/09/2002 1754.00 219.00 44236.00 
16/10/2002 1778.00 160.20 34701.00 
16/11/2002 2443.00 162.60 46532.00 
16/12/2002 1789.00 92.92 22087.00 
16/01/2003 1307.00 135.00 20988.00 
16/02/2003 1619.00 239.00 42848.00 
16/03/2003 1999.00 148.30 35231.00 
16/04/2003 2154.00 233.50 56827.00 
16/05/2003 3030.00 333.00 113230.00 




16/07/2003 2294.00 230.10 59840.00 
16/08/2003 2089.00 123.50 31632.00 
16/09/2003 1769.00 221.70 44694.00 
16/10/2003 2252.00 161.70 42071.00 
16/11/2003 2056.00 144.80 35273.00 
16/12/2003 2385.00 214.80 59359.00 
16/01/2004 1915.00 127.60 34115.00 
16/02/2004 1043.00 30.07 6222.40 
16/03/2004 2265.00 166.60 45058.00 
16/04/2004 1993.00 299.80 69370.00 
16/05/2004 3107.00 730.50 244780.00 
16/06/2004 3499.00 293.80 114610.00 
16/07/2004 2612.00 314.00 92974.00 
16/08/2004 2363.00 327.90 93845.00 
16/09/2004 1857.00 165.60 36320.00 
16/10/2004 1644.00 130.70 26931.00 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Les relations entre un bassin versant et son piedmont sont complexes. Elles mettent notamment en œuvre 
ont appel à des phénomènes physiques incluant l’érosion, le transport et la répartition 3D des zones 
d’accumulations de sédiments.   
L’étude du méga-cône de piedmont du Napo-Pastaza sur le piedmont des Andes d’Equateur et du Pérou 
et de ses relations avec son bassin d’alimentation permet de mettre en évidence divers types de contrôles, liés à la 
géodynamique, influant sur la morphologie fluviale, la structure du réseau hydrographique et les transferts de 
masse entre la chaine des Andes et son piedmont amazonien.  
A partir de données hydro-pluviométriques et hydro-sédimentologiques recueillies sur une période de 5 ans 
sur le Rio Napo et contenant un épisode éruptif d’un volcan se situant dans le bassin versant, nous pouvons mettre 
en évidence le rôle de l’érosion et du transport des produits de l’éruption (cendres) sur le transport de matières en 
suspension et l’évolution de la morphologie du cours d’eau. 
L’exploitation de données cartographiques, photogrammétriques et d’imagerie satellitaire couvrant le 
dernier siècle (de 1906 à 2008) concernant un tronçon du Rio Pastaza, localisé dans une zone sismiquement 
active de la zone subandine permet de mettre en évidence un changement de morphologie associé une série 
d'avulsions partielle directement liées à la déformation de surface.  
L’étude sur les derniers 20 000ans de l'évolution du drainage distributif du cône du Rio Pastaza montre un 
grand nombre de traces d'avulsions successives. Ces avulsions peuvent être reliées, suivant leur localisation et 
leur enchainement,  soit à un contrôle tectonique direct quand ces avulsions sont situées aux voisinages du front 
actif de la chaîne, soit à un contrôle indirect, lié a des phénomènes d'augmentation brusque de la charge 
sédimentaire lorsque ces avulsions ce sont produites dans le partie distale du cône de piedmont. Dans ce cas ces 
surcroît de sédiments peuvent-être, entre autres, lié aux éruptions volcaniques dans le bassin versant.   
 





The relationships between a catchment and sedimentation on its foothill are complex. They involve physical 
phenomena such as erosion, particles transport and   location of sedimentation area. 
The study of the Napo-Pastaza megafan, on the Amazonian foothills of Ecuador end Northern Peru and in 
relation with its catchment led us to evidence different kind of controlling factors related to the local geodynamic 
context. These factors control fluvial morphology, drainage network structure as well as suspended load transport 
from the Andes to the amazonian foothill.    
A study led on Hydropluviometric and hydrosedimentologic data concerning the Rio Napo, covering 5 years 
and a volcanc eruption of the Reventador volcano, located in the Rio Napo catchment, we can evidence the role of 
the erosion and the transport of the products of eruption such as cinders on the transport of the suspended load 
and the morphology of the river.  
The compilation of historic topographic data, aerial photography and satelite images over the last century 
(from 1906 to 2008) of a reach of the Rio Pastaza located in a sismically active area of the andean foothill show a 
progressive change of the morphology of the Rio Pastaza associated with several partial avulsions. These 
avulsions are directly controlled by local superficial deformation. 
The mapping of the successive reaches of the Rio Pastaza since the Last Glacial Maximum revealed a 
great amount of avulsions traces. Depending on the location of the avulsions nodes, these avulsions can be related 
to several controlling factors. The nodes located close to the active tectonic front of the Andes can be the result of 
local tectonics. The nodes located in the distal part of the megafan results from sharp increase of the sedimentary 
load in the channel and its sedimentation in the lower reach of the river. Such an increase of the sedimentary can 
result, among others, from volcanic eruptions in the catchment.  
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